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SUMMARY
Longitudinal Emission Computed Tomography (LECT) is a 
radioisotope imaging technique which has found particular use 
in cardiac investigations. However, its olinical use has 
revealed Imag i n g  problems which show themselves as 
reconstruction artefacts or false defects. The basis for the 
imaging problem of LECT is established theoretically using a 
simple analysis which shows that the reconstruction will 
predict that activity lies outside the object volume. The 
volume of the reconstruction lying outside the object volume 
is considered as an error volume, by using simple, unmodified 
back projection. This is the first time such a concept has 
been developed and it is used to calculate an error volume 
index (EVI). This index is shown to be useful for assessing 
and comparing LECT systems. It is used to examine the 
reduction of the error volume by modifications to LECT 
systems.
Thallium-201 perfusion imaging for ischaemic heart disease 
and infarct detection using a rotating slant hole (RSH) LECT 
system is compared to conventional planar imaging and X-ray 
contrast arteriography. RSHLECT is shown not to improve the 
diagnostic performance of planar imaging. The tomograms 
suffer from artefacts whioh appear as defects in the 
myocardium. Although the presence of these artefacts have 
been demonstrated by other workers this study shows that they 
have a significant affect on the diagnostic performance of 
the technique. A computer simulation and experimental 
studies using a simulated cardiac chamber are used to study 
the source of the problem. The origin of the artefacts is 
demonstrated for the first time.
The problem of the error volume in reconstructing the oardlac 
blood pool is considered. Three techniques to correot the 
reconstruction volume are examined and one is recommended 
which will reduce the error volume. Computer simulation and 
experimental studies with a simulated blood pool are used to 
examine this problem. It is shown that it is not possible to 
correct the reconstruction volume when an iterative least 
squares reconstruction technique is used together with the 
assumption of a uniform activity distribution; this implies 
t h e •need for an alternative predictive function. The 
Inability to correct the reconstruction volume for a simple 
uniform activity distribution show that, for Thallium-201 
perfusion Imaging where the distribution is non-uniform, 
there is a need for an imaging system modified to reduce the 
error volume. This work concerning a blood pool LECT 
reconstruction and correction of the reconstruction volume is 
original.
For the clinioal trial of Thallium-201 perfusion imaging and 
the experimental work with a simulated cardiac chamber, a 
rotating slant hole LECT system was used. The physical 
performance of this system was measured a.id oompared with 
other LECT systems. In doing this a relationship between 
plane density in the reconstruction and inter-planar 
resolution is demonstrated for the first time.
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CHAPTER
INTRODUCTION
. 1 Radioisotopes in Clinical Diagnosis
Radio isotopes or radioactive tracers are now routinely used 
in the diagnosis of clinical pathologies. Developments in 
pharmaceuticals have led to radioactive tracers which can be 
safely administered to patients and which will follow one or 
sometimes several functional processes in the body. These 
radiopharmaceuticals or radiotracers are used to investigate 
and measure the performance of the body as well as to reveal 
the distribution of functioning tissue in the body.
There is a wide range of radioisotopes used for diagnostic 
purposes with photon emission energies ranging from 28KeV for 
Iodine-125 up to 412KeV for Gold-198. Radiation arising from 
electron capture, positron anihilatlon, beta decay as well as 
& -ray disintegration including isomeric transitions giving 
very short half-lifes are used clinically. It is the ability 
of such radiation to penetrate the body which provides such 
an important and useful tool for medical diagnosis.
The development of radiation measuring equipment such as 
'Geiger and scintillation detectors has made it possible to 
determine quantitatively the uptake of radioactive tracer 
which, in turn, permits the measurement of certain functions 
in the body and the relative distribution of functioning 
tissue. By surveying the body surface above an organ where
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the radioactive tracer has accumulated, an indication of the 
distribution of functioning tissue within an organ can be 
obtained. To perform such a survey the detector needs to be 
collimated, since the radiation from the radioactive decay of 
the tracer is omnidirectional. Collimation of the detector 
ensures that the area of the body surface monitored is always 
defined. The radiation which is detected arises from the 
activity within a column lying across the organ. The column 
has a cross sectional area of the collimator and the length 
of the column is defined by the position of the detector in 
relation to the organ and by the direction of collimation, 
see Fig. 1 .1 . Although the majority of the detected 
radiation will arise from the radioactive tracer within a 
column through the organ defined by the collimator, some 
scattered radiation from the surrounding organs and tissues 
will also be collected. The result of such a survey is a 2 - 
dimensional image of the radiotracer distribution in 3- 
dlmensions.
1.2 Radioisotope Imaging System
The uptake of a radioactive tracer in an organ can be 
surveyed by the motion of a detector over the surface of the 
body above the organ. This process is carried out 
systematically by the rectilinear scanner, which was 
Introduced around 1951 (Mayneord et al, Cassen et al). With 
this device a collimated detector is driven mechanically in 
parallel rows across a defined area above an organ. The 
detected activity is recorded at fixed intervals and a 2 - 
dimensional distribution reflects, (in the direction of 
collimation), the detected activity due to the uptake of a
-2-
Direction of 
collimation
COLLIMATED DETECTOR SURVEYING THE RADIOACTIVITY IN AN ORGAN
radioactive tracer in the 3-dimensional organ.
The development of scanning systems has proceeded in parallel 
with the development of multi-crystal and large crystal 
detecting systems. These are scintillation crystals which 
transform the energy of incident gamma or X-ray photons into 
visible photons. They are usually made from sodium iodide 
with Thallium doping (NaI(T1)). With large crystal systems 
there is a compromise to be made between sensitivity and 
resolution. To determine the position of a scintillation on 
a crystal as accurately as possible it is desirable to make 
the crystal as thin as possible. However, to collect the 
maximum amount of incident radiation and thus made the system 
as sensitive as possible, requires a thick crystal.
With multicrystals devices (Bender and Blau, 1962) an array 
of collimated detectors can monitor the distribution of 
activity throughout an organ. These crystals can be made 
thick as the resolution of the system is dependent on the 
physical position and size of the crystals. Hence, 
resolution may be poor but extremely high count rates can be 
accommodated.
The most important large crystal device is known as the anger 
camera after H.O. Anger (1958). These devices consist of a 
large Nal(TI) crystal, the diameter of which may range from 
around 250mm for a standard field of view (SFOV) camera to 
450mm for a large field of view (LFOV) camera. The thickness 
of the crystal is chosen to give optimal performance of the 
camera depending on the range of isotope photon energies to 
be used and the sens i t i v i t y  needed for the system
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application. A collimator is placed in front of the crystal; 
these are constructed from a thickness of lead chosen to suit 
the energy of the isotopes to be used. The collimator 
essentially consists of a large number of short parallel 
tubes all at right angles to the crystal. A compromise must 
be made between sensitivity and resolution in collimator 
design, thus the choice of collimator used in a study is made 
by the operator on the basis of the particular requirements 
of that study. Collimators are also designed to produce 
magnified images or images reduced in size. This is done by 
inclining the small tubes which form the collimator, and are 
known as diverging and converging collimators respectively. 
The scintillations within the crystal are detected by an 
array of photomultiplier tubes. For each of two orthoganol 
axes in the camera face, two signals are derived from the 
photomultiplier pulses which arise rom each incident photon. 
One signal is simply an integration of all the scintillation 
pulses giving a signal proportional to the total incident 
energy. The other signal is an integration of the same 
pulses with the pulse level weighted by the distance of the 
photomultiplier from a reference axis. Using the two signals 
appropriate to each axes the displacements of the incident 
photon from the reference axes can be estimated. By placing 
detected photons at the calculated positions, a 2 -dlmensional 
image of the 3-dimenslonal radioactive tracer distribution in 
an organ is obtained.
The benefit of an Anger camera over a scanning device lies 
principally in the fact that there are no moving mechanical 
parts required in order to obtain the survey of activity; as
the p o s i t i o n  of the s c i n t i l l a t i o n  Is e s t i m a t e d  
electronically. Also, since the distribution of activl.ty is 
surveyed at all points in the field of view of the caaera 
virtually simultaneously, the positioning of a patient to 
obtain an adequate image of the organ under investigation is 
easily achieved. Digitisation of the scintillation data froa 
a caaera, along with the use of a coaputer, make it possible 
to follow, in real tiae, the flow and uptake of a radioactive 
tracer. This developaent has extended and increased the 
benefits froa the Imaging of radioactive traoers for clinical 
diagnosis.
Anger cameras however can only detect single photons. To 
specifically detect emissions due to a positron emitting 
isotope a diametrically opposed detecting device is needed. 
Host isotopes used for Imaging work are single photon types 
and so this does not pose a serious limitation to Anger 
cameras.
With all of these imaging devices the resultant iaage is a 2- 
diaensional display of the radioactive tracer distribution 
within a 3-dimensional organ. Organs of the body tend to be 
of irregular shape and inhoaogenous function. Estimating 
regions of reduced or absent function within an organ with 
generally known shape, but individual variations, cannot be 
done with only one 2-dimensional image. Indeed it can be 
very difficult even with several 2 -dimensional images taken 
from different viewing directions. The problem which must be 
solved is how to reveal the distribution of radioactive 
tracer uptake across a slice of an organ by removing from the
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view the overlying and underlying radiotracer uptake.
1.3 Tomographic Imaging Systems with Radioactive Tracers
Before the development of tomographic imaging systems using 
either Anger cameras or dedicated scanners, the problem of 
overlying activity was tackled by the use of a focussed 
collimator on a rectilinear scanner. Such a oollimator 
achieves blurring of the radiation detected from parts of the 
organ above and below the depth of focus. This reveals, to a 
limited extent, the distribution of the radiotracer through 
the organ at the depth of focus. However, with this device 
the depth of interest needs to be known approximately at the 
time of scanning. This can involve several views being taken 
which lengthens the scanning time. A more attractive 
proposition which is achieved by modern tomographic 
techniques is to provide, simultaneously, images of several 
slices of the organ. Viewed together these reveal more 
explicitly the 3-dimensional distribution of the radiotracer 
within the organ.
Developments of radioisotope tomographic imaging facilities 
have led to some dedicated multiple-crystal or single-crystal 
scanning devices. These devices use the Information from 
several scans through a single plane of an organ, each in 
different directions to construct a tomogram. Some of these 
devices utilise positron emitting isotopes and the 
information which is obtained from the resulting pair 
production. However, these positron emitting isotopes have 
very short half-lives and so reqire production facilities in 
close proximity to the imaging devices. Since this is only
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possible at a few establishments it makes the very versatile 
Anger camera the principal means for producing radioisotope 
tomograms. Tomographic techniques using an Anger camera come 
within the description of single photon emission tomography 
(SPECT).
1.4 The Development of Longitudinal Single Photon Emission 
Tomography
Tomograms were being produced using X radiation in a 
transmission mode as early as the 1930's as described by 
Andrews, 1936 and Andrews and Stava in 1937. These early 
techniques relied on the relative motion between the 
radiation source and film to smear the effect of the 
attenuation outside a plane of interest across the image. In 
the 196 0 ' s  this technique began to be investigated for 
radioisotope imaging. In 1961 Oldendorf demonstrated that an 
electrical signal could be produced which represented the 
attenuation profile across an object of known cross-section. 
This was basically an application of the blurring technique 
and was examined with a view to its medical application of 
detecting the variations in the soft tissue of the brain. A 
radisisotope was used in transmission mode, but the 
demonstration was equally applicable to the emission mode. 
Kuhl and Edwards used this technique with a rectilinear 
scanner in 1963 to produce longitudinal and transverse body 
sections. In this work the terms longitudinal and transverse 
were first defined in their relationship to the use of 
radioisotope imaging equipment in tomography.
To obtain longitudinal tomograms using a scanner Involves
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ite vi< of the object. In each viewtaking several sepi 
the detecting head is inclined by a different arc about a 
centre of rotation somewhere below the patient. The 2- 
dimensionsl images so obtained are then superimposed and 
displaced by a k nown distance for a particular plane. This 
has the effect of enhancing data from the plane, Fig. 1.2. 
For transverse tomograms the scanner moves in the plane of 
Interest across the patient, Fig. 1.3. Several such scans 
are taken and the backprojection of the resulting scans is 
displayed electronically on an oscillascope or VDU if 
computational facilities are used. The superposition of the 
backprojections produces enhancement within a profile which 
approximates to that of the object and this produces the 
tomogram.
Following this work, longitudinal tomographic systems were 
developed which used Anger cameras. In 1970 Muehllehner and 
in 1973 Freedman described the use of an Anger camera to 
produce oscillascope displays of tomograms. Both techniques 
used collimators which rather 'than accepting radiation 
perpendicular to the crystal, accepted radiation incident on 
the camera at some angle less than*^/2. These are known as 
slant hole collimators and view an object in the direction of 
the angle of the collimator. In Muehllehner’s work the 
patient was rotated to obtain several views from different 
orientations; Freedman rotated the collimator to achieve the 
same result. In both cases several longitudinal tomograms 
were displayed simultaneously on an oscilloscope.
In 1978 Kirch and Vogel first applied an iterative computer 
algorithm to reconstruct a set of planes. They also used a
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Fig. 1.2
BASIS OF TECHNIQUE TO OBTAIN LONGITUDINAL TOMOGRAMS WITH A 
RECTILINEAR SCANNER
Fig.1.3
Patient
SCANNING DIRECTIONS TO OBTAIN TRANSVERSE TOMOGRAMS
multiple pinhole collimator for the first time to acquire 
views for the reconstruction. Several suitable computer 
algorithms had been developed since the work of Muehllehner 
and Freedman, notably those of Gordon 1974 and Budinger et al 
1974, for transverse X-xay and emission computed tomography. 
Kirch and Vogel however, successfully applied them to 
longitudinal emission tomography for the first time. Because 
all the views obtained in longitudinal tomography are as a 
result of the superposition of the activity within a set of 
planes the algorithm must reconstruct all the tomograms 
simultaneously. This results in a set of tomograms which 
forms a reconstruction volume. Longitudinal emission 
computer tomographic (LECT) systems are now widely available 
commercially. Slant hole and multiple pinhole collimators 
can be supplied for both large and standard field of view 
Anger cameras. These systems take views of an object in only 
a few directions, usually six to twelve and are thus known as 
limited angle LECT systems.
As opposed to LECT where the camera remains in one position, 
with rotating head computed tomography (RHECT) the camera is 
rotated around the patient. In this way several different 
views of the object are acquired. Many commercially 
available RHECT systems have been developed and are in 
widespread use. The use of computers to reconstruct 
transverse tomograms using images acquired by an Anger camera 
was well established by 1974 (Budinger and Gullberg). A 
great deal of research and development has subsequently been 
undertaken to improve the performance of RHECT systems and to 
determine the clinical usefulness of RHECT.
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1.5 Current Developments in SPECT
Recent research and development Into SPECT has mainly been in 
relation to RHECT systems. No new LECT system has been 
Introduced since the multiple pinhole collimator system 
of Vogel and Kirch in 1978 and currently there is little work 
being done on LECT system development.
However, both LECT and RHECT have benefitted from the 
continual improvement in Anger c a m e r a  performance. 
Improvements in linearity and uniformity of cameras has 
p r o v i d e d  b e tter q u a l i t y  s c i n t i g r a p h i c  data for 
reconstruction. This is achieved by improving balancing of 
the response of the photomultipliers and by techniques which 
set the energy windows of the photomultipliers more 
accurately. Camera countrate capability has been increased 
so decreasing the statistical uncertainty in images (Budinger 
1980). Digitisation of the camera head signals allows 
sophisticated computations to be m a d e  on the data. 
Correction maps are stored for linearity, energy and 
sensitivity and these can be used to correct, automatically, 
incoming data.
Some deficiencies in tomogram production are due to factors 
which with careful setting-up procedures and routine checks 
can be eliminated. The actual centre of rotation of the 
camera in RHECT and the centre of images for LECT must 
coincide with that of the reconstruction program. If they do 
not then serious loss of resolution can occur. This aspect 
can be checked and altered by an operator. Likewise, the 
operator should ensure that the axis of rotation or axis of 
symmetry is lying correctly in relation to the couch or
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patient. Finally sufficient counts need to be acquired to 
reconstruct a good tomogram. These are operator dependent 
features and their significance has been brought out in work 
done over the past few years ( Greer et al, 1983; Harkness 
et al, 1983). The improvements in camera performance have 
added greatly to RHECT tomogram improvement. Artefacts in 
the form of rings are produced in tomograms where there is 
excessive uniformity variation ( Rogers et al, 1982); 
Harkness et al 1983 recommends that camera uniformity should 
be kept within +_ 1f. The improvements in camera uniformity 
help in reducing this problem. The improved linearity is a 
major contribution to the improved uniformity. However, by 
itself it provides more accurate information for the 
reconstruction. Inaccuracy in the positioning of incident 
radiation leads to a blurring of the tomogram.
The only development in LECT has been the addition of views 
to the reconstruction by utilising an existing system in an 
extended manner. Koral et al, 1982 has demonstrated 
experimentally using a phantom object which simulates the 
radioisotope distribution in the heart that the performance 
of a basic slant hole LECT system can be Improved. The 
additional views were acquired by moving the camera through 
^ / 2  and these views were then used in the reconstruction. 
Collimator designs still fall into the categories of multiple 
pinhole and slant hole types and no improvements or changes 
in design have been made recently.
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On the other hand, with RHECT there are continuing 
developments and improvements to systems. One of the 
potential uses for ECT is the measurement of radiotracer 
uptake by quantifying the radioisotope within an organ. In 
order to do this attenuation and scatter in surrounding 
tissue must be taken into account. Also, the reconstruction 
of a uniform radioisotope distribution is detrimentally 
affected when scatter and attenuation are not adequately 
accounted for. Thus, one important aspect being Investigated 
by several workers is the improvement in the performance of 
RHECT systems by making allowance for scatter and attenuation 
(Macey et al, 1985; Webb et al, 1985; Harris et al, 1984; 
Jaszczak et al, 1984). Modern cameras are capable of imaging 
simultaneously in two separate energy windows. Hence both an 
overall image, centered on the total absorption peak and a 
scatter image centered somewhere in the Compton scatter 
region can be acquired simultaneously. These can be used in 
combinaation to produce a more accurate image (Jaszczak et 
al, 1984). Another technique being examined is the use of 
asymmetric energy windows to reduce the amount of scatter in 
the image (LaFontaine et al, 1964).
A further development with RHECT has been the use of two 
diametrically opposed Anger cameras (Jaszczak et al, 1979). 
This system increases the amount of information available for 
a reconstruction. However, it introduces the problem of 
registration between the two cameras as well as the 
additional quality control of the extra camera. This is on 
top of the additional cost of the extra camera.
Most RHECT systems rotate at a set distance from an axis of
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rotation fixed somewhere in the cross-section of the patient. 
This results in a loss of resolution over the sections of 
rotation where there is the greatest difference between body 
surface and the camera face. Non-circular orbits are being 
studied (Gottschalk et al, 1983; Pokropek 1983; Faber et al, 
1985) to evaluate the improvements in resolution and 
uniformity which may be obtained. This work has been done 
for elliptical orbits and more complex profile tracking 
systems have not yet been studied.
The reconstruction techniques in general use have remained 
unchanged and are well described by Budinger, 1974. Recently 
Roff, 1984 has described an improvement in myocardial 
reconstructions by using a pre-processing filter. 
Corrections for organ movement has also been studied by 
Freedman, 1984.
Physical Performance of SPECT System
Satisfactory physical performance of all ECT systems highly 
dependent on great care and attention being paid to the 
operation of the Anger camera and the associated tomographic 
equipment. This involves two aspects; firstly the routine 
quality control of the system and secondly, a satisfactory 
setting up procedure for the tomographic acquisitions. For 
routine quality control of the camera there are well 
established techniques to monitor and check intrinsic 
resolution, energy resolution, linearity and uniformity and 
these are comprehensively outlined in the standards of the 
National Engineering Manufacturers Association; the NEMA 
standards. Quality control for the overall tomographic
system is achieved using a suitably chosen phantom object of 
well defined physical size and shape. The reconstruction of 
a uniform source and the resolution variations with contrast 
and depth are usually assessed. For RHECT two widely 
accepted phantoms for system assessment are those developed 
by Jaszczak and Carlson, (Scientific and Industrial Equipment 
Ltd.). These phantoms are not applicable to LECT due to the 
reconstruction volume. They would not give the same compre 
tomographic system as they do in RHECT.
For both LECT and RHECT, the setting up procedure prior to 
using the system for image acquisition is important. In LECT 
it is essential that a system is calibrated by acquiring 
images of a point source at a known distance from the camera 
face. By doing this the displacement of the centre of planes 
parallel to the camera face is accurately known with respect 
to the images subsequently acquired. For pinhole collimator 
systems there is a uniformity variation across the image and 
this must be corrected for. This can be done using the 
acquisition of a uniform source prior to image acquisition. 
With RHECT systems it is important that the centre of 
rotation is in a fixed position as the camera rotates. The 
mechanical alignment of this should be checked regularly. 
The relationship between the centre of rotation and the 
imaging axis of the camera must be such that there is an 
exact agreement as the camera rotates. In the same way as 
LECT systems can be calibrated for the displacement of plane 
centres, a point source can be used to check the image of the 
centre of rotation as the camera rotates. This should be 
done prior to acquiring images and any necessary corrections
made. Failure to maintain satisfactory registration between 
the centre of rotation and the reconstruction software 
results in blurring of images, (Harkness, et al, 1983; Greer, 
1983). Another major problem for RHECT is uniformity 
correction. Small variations in uniformity lead to ring 
artefacts in images. Thus, for image correction for non- 
uniform camera performance, correction images of a uniform 
activity source need to contain a very large number of counts 
to ensure low enough statistical variation in the uniformity. 
Harkness (1983) recommends a flood count in excess of 30.10® 
to obtain 1> statistical variation for a 64 x 64 image 
matrix. Greer (1983) suggests a 40-50.10® count image for a 
128 x 128 matrix. Both recommendations Indicate the large 
number of counts needed for adequate uniformity correction. 
The choice of filter to be used in the reconstruction in 
RHECT is important and needs to be chosen depending on the 
number of counts acquired in the image. If the filter over 
smooths the data there will be a loss of resolution. Also, 
attenuation correction must be done with care in order to 
avoid introducing false variations in the tomogram density. 
For both LECT and RHECT the acquisition of images containing 
adequate counts is important. Tomographic reconstruction 
techniques act as a high pass filter and produce very noisy 
tomograms from very low noise images. Budlnger (1980) states 
that the act of reconstruction can result in a decrease of 
the signal to noise ratio by an order of magnitude. Although 
this depends on the volume of interest and resolution of the 
system there is clearly a need to acquire Images with high
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counts to obtain satisfactory tomograms.
With LECT there is an inherent ripple in the density of the 
reconstructed tomogram due to the limited angle nature of the 
systems. This makes the reconstructions rather insensitive 
to small variations in image uniformity and generally a lower 
quality image is acceptable compared with RHECT.
The physical performance of SPECT system is dependent on the 
energy of the radioisotope being imaged. The isotope being 
imaged affects in the first place the collimator used in 
rotating head and slant hole collimator LECT systems. This 
in turn alters the resolution of the images acquired for the 
reconstruction and so changes the physical performance of the 
SPECT system. With pinhole collimator LECT systems this 
effect is apparent in the size of the pinhole.
There is a loss of resolution with distance from the 
collimator of an Anger camera and this is reflected in the 
physical performance of ECT systems. With RHECT, the 
resolution, measured by the full width half maximum (PWHM) of 
a point or line source reconstruction increases with distance 
from the collimator.
Most routine applications of SPECT systems a r e  with 
Technetium-99m which has an ideal imaging energy of lUOKeV 
and most published results of physical performance use this 
isotope. With a Technetlum-99m point or line source the 
intra planar resolution will vary typically between 13mm and 
30mm over a radius of rotation of from 80mm to 320mm from the 
camera face (Myers et al, 1983)- It is Important in physical 
performance measurements that the parameters chosen for the 
acquisition should correspond to those to be expected in a
-16-
typical clinical application. For example, Myers figures are 
quoted from a radius of rotation of 80mm. Such small 
distances will not occur clinically and resolutions at 
distances ->f rotation between 200mm to 300mm are more typical 
of what will be encountered. Over this range, the intra 
planar resolution is of the order of between 14mm and 35mm 
(Myers 1983). The inter planar resolution is of the order of 
the imaging resolution as pointed out by Myers (1983). 
Resolution measurements using the FWHM of either a 
reconstructed point or line source have been published by 
several workers and they are presented in Fig. 1.4a,b,c,d. 
Neither RHECT nor LECT systems correctly reconstruct a 
uniform source. With RHECT this is due to inadequate 
correction for attenuation and scatter. No simple technique 
can overcome this and uniform objects can have different 
reconstruction variations depending on the attenuation 
correction use. With LECT systems the uniform object is 
reconstructed with a hump or convex transverse profile. This 
is assumed to be due to the interplanar propagation referred 
to by Budinger (1980) and Williams (1980).
1.7 Clinical Applications of SPECT
Emission computed tomography has found many clinical 
applications, principally in the examination of the liver, 
brain, heart and lung. It has also been used for imaging of 
Joints and bone lesions (Mortelmans et al, 1983; Sakatu et 
al, 1983) and in renal Imaging (Kawamura et al, 1984) with a 
view to quantifying the uptake of radiotracer in the kidneys. 
Much more diagnostic information about renal function can be
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Fig.1.4
INTER AND INTRA PLANAR RESOLUTION NEASURENENTS FOR ROTATING 
SLANT HOLE (RSH) AND SEVEN PINHOLE (7-PINHOLE) LECT SYSTEMS
obtained from toaogre-rs than is available from planar renal 
scans. The major problem is to achieve adequate 
quantification of the radiotracer uptake by accounting for 
scatter and attenuation in the organ and surrounding tissue. 
In all these applications the RHECT system has been used 
almost exclusively.
The use of LECT for brain imaging has been demonstrated by 
the author and Dale et al, (1985) but only Dale (1985) has 
published results. In cardiac imaging there is an almost 
equal application of RHECT and LECT. In fact LECT has found 
its main application in cardiac imaging. In liver 
radioisotope Imaging RHECT has never shown an improvement 
over planar imaging such as to make the additional scanning 
and processing time worthwhile. There is a variation in the 
diagnostic performance of the test depending on the disease 
being investigated. For metastatic liver disease the 
detection rate is significantly higher than for other 
diseases. Dendy et al, 1981, demonstrated that the use of a 
tomogram did not improve the use of liver scintigraphy 
compared with planar imaging. The specificity decreased, 
whilst the sensitivity increased and there was no 
statistically significant difference in diagnostic accuracy. 
Research since then has examined how RHECT compares with 
other techniques and how it may be combined with other 
techniques. Berche et al, 1981 examined how the diagnostic 
ability of RHECT liver Imaging compared with surgery, 
ultrasound and biochemistry tests. The contribution from ECT 
to the overall diagnostic process was studied by Reid et al, 
1983. Oyamadu et al, 1984 suggests a segmental analysis to
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improve the diagnostic capability of the test, but its use 
has not been demonstrated clinically. Many centres use RHECT 
in liver scintigraphy with the view that it provides a useful 
adjunct to planar scans when the planar results are 
equivocal.
There has been several comparative studies made of planar 
imaging and RHECT for lung perfusion and ventilation imaging; 
for example LaJeune et al, 1982, Ronaldson et al, 1982 and 
Osborne et al, 1983. The well tried radiopharmaceutical 
Technetium-99m macro albumin aggregates has been used for 
perfusion imaging. Ventilation studies with Krypton-81m and 
radioactive aerosol have been made and a transmission 
technique has also been used to delineate the ventilated 
regions of the lung (Maeda et al, 1981). All these studies 
have given indications that identification of segmental 
defects are improved by the use of RHECT. None of the 
studies were compared with an absolute criterion such as post 
mortem. To find an accepted standard with which to gauge the 
use of RHECT lung scanning remains a problem. The studies 
which have been made involving human patients have compared 
the response of operators to planar and tomographic images. 
Without an absolute standard diagnosis with which the 
comparison can be made it is impossible to gauge how useful 
RHECT is in lung imaging. RHECT is also applied to brain 
imaging. Its application in this field has been greatly 
overshadowed by positron emission tomography which has been 
applied to brain imaging extensively as a consequence of the 
radioisotopes which are available in this field. However,
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several studies examining the role of RHECT In the diagnosis 
of cerebal pathologies have been done, for example; Ell et 
al, 1980; Watson et al, 1980; Fazio et al, 1980. Its use in 
brain imaging continues and particularly with a view to 
quantitation of radioisotopes uptake. More useful single 
photon radiopharmaceuticals are becoming available for 
example Iodine-123 labelled HIPDM for regional cerebal 
perfusion assessment (Fazio et al, 1984) and Iodine-123 
labelled N-isopropyl Iodo amphetamine for studies Involving 
epilespsy (Magistretti, 1983) and cerebal infarction (Uren et 
al, 1982).
Brain imaging had been demonstrated using a rotating slant 
hole system as mentioned previously. These have been of an 
anecdotal nature and although useful tomograms were obtained, 
no serious clinical trials were pursued.
Both RHECT and LECT have been used extensively in cardiac 
Investigations. The ease of use of a LECT system when 
imaging what may be a seriously ill patient makes it an 
attractive facility for cardiac imaging. Also, even with a 
LFOV system, the volume which can be Imaged by all the views 
is generally very limited and this suits q small organ like 
the heart.
The current developments and Improvements in RHECT and in the 
Anger camera itself may improve the diagnostic performance of 
RHECT in all areas where it finds a clinical application. 
Compensation for scatter and attenuation may establish RHECT 
as having a significant role in radioisotope imaging through 
being able to quantify adequately the uptake of
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radiopharmaceutical. The establishment of the requirements 
of quality control and setting up procedures should lead to a 
better and more consistent performance of systems. LECT, due 
to the size of the volume which can be Imaged by all views, 
will continue to lend itself to cardiac imaging almost 
exclusively. Brain imaging, which has been demonstrated 
could be undertaken in children where this organ would be 
sufficiently small. The longitudinal systems known as the 
Ectomogram (Dale et al, 1985) lends itself well to brain 
imaging in children and adults. However, as a system, it 
requires all the facilities of the RHECT system.
Current Use ofRHECT and LECT in Cardiac Imaging 
Single p h o t o n  radioisotope tracers have been very 
successfully applied in two aspects of cardiac investigation. 
In the investigation of blood flow to and within the heart 
wall, known as myocardial perfusion, Thallium-201 and 
Technetium-99m labelled pyrohosphates are used. Thallium is 
taken up in the same way as potassium in all muscle tissue. 
Hence it gives an indication of diminished blood flow, 
ischaemia of the myocardium, by accumulating in regions of 
adequately perfused myocardium and not in regions of 
ischaemia. Pyrohosphates, on the other hand, accumulate in 
muscle which has recently suffered irreversible damage due to 
a lack of blood supply: muscle which has lnfarcted. Hence it 
indicates r e g i o n s  of myocardial infarction. While a 
radiopharmaceutical which will have better energy 
characteristics than Thallium-201 is still sought after, 
Thallium-201 is used extensively and routinely in 
investigations for ischaemic heart disease (IHD). The
Technetium-99m labelled pyrophosphates although having 
energy, half-life and reduced toxicity advantages compared 
with Thallium-201 are only useful for the detection of acute 
infarcts. Ischaemia and old infarction cannot be assessed 
with it and the uptake of the pharmaceutical in the ribs 
complicates the interpretation of images. Further, for the 
detection of acute infarction, Thallium-201 imaging can 
commence with 5-10 minutes from injection while the 
phosphates require imaging at several hours post injection. 
Thallium-201 is currently the radiotracer of choice for the 
assessment of myocardial perfusion. The other aspect of 
radioisotope cardiac investigation is the assessment of the 
function of the heart. The widely accepted method is to 
label red blood cells with Technetium-99m and to gate the 
Anger camera to the electrocardiograph (ECG) signal. A 
series of images are acquired through each heart cycle and 
over several heart cycles, each series is superimposed. The 
r e s u l t i n g  s e ries of i m a g e s  is t h e n  d i s p l a y e d  
cinematographically to show the contraction of the cardiac 
chambers. This is known as cardiac gated blood pool Imaging 
and although it is used almost entirely to assess the 
function of the left ventricle (LV), the right ventricle (RV) 
and valvular problems known as regurgitation and 
Incompetence, can also be assessed using this technique.
In both Thallium-201 perfusion and cardiac blood pool imaging 
the attraction of tomography has b e e n  the improved 
visualisation of the isotope distribution. Developments in 
Thallium-201 imaging and image processing techniques seek to
provide images with greater contrast between ischaemic and 
non-ischaemic regions of the myocardium without increasing 
the rate of false positive response. Another objective is to 
specify the coronary arteries which are responsible for the 
ischaemia. Tomography is an attractive proposition to attain 
both of these objectives. Thallium-201 however, is a poor 
radioisotope for use in tomography due to the low energy of 
the emitted photons and the small amount of activity which 
can be administered. Both of these aspects result in a 
relatively small number of counts being acquired within a 
reasonable scanning time. Other imaging and processing 
developments have been, backjground subtraction, statistical 
algorithms and the ECG gating of image to remove blurring due 
to contraction of the LV. Background subtraction has not 
been reported as giving an overall improvement. Both Massie 
et al, (1981) and McKillop et al (1980) have reported that 
the rate of true positives detected, the sensitivity 
increased but the rate or true negatives detected, the 
specificity decreased with background subtraction. McKillop 
et al (1981) compared the interpretation of ECG gated and non 
ECG gated Thallium-201 images for IHD detection. No 
significant advantages were demonstrated and sensitivity and 
specificity were about the same. Faris et al (1982) 
demonstrated an improvement in the true detection rate of 
positives and negatives by application of a statistical 
algorithm. The predictive accuracy increased from 79* to 
95*.
An analysis technique involving space and time quantitation 
of planar images has been developed in an attempt to improve
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the diagnostic capability of the test (Garcia et al, 1981; 
Berger et al, 1981). Berger showed an improvement in 
sensitivity from 83% to 90%.
Results comparing the use of emission computed tomography 
(ECT) with planar imaging in Thallium scanning have been 
reported by several authors (Kirch et al, 1978; Ritchie et 
al, 1981; Rlzi et al, 1981; Tamakl et al, 1981; Maublant et 
al, 1982; Prigent et al, 1983). These studies Involved the 
7-pinhole collimator LECT and rotating head ECT systems. An 
improvement in sensitivity was demonstrated in IHD detection 
by Rizi et al, (1981) using a 7-pinhole system. The 
sensitivity was improved from 75% to 9**% with the specificity 
remaining at 91%. Using a rotating head system, Tamaki et 
al (1981) reported an improvement in the diagnostic accuracy 
of infarct detection to 9*»% from 81% for planar imaging. 
Maublant et al (1982) improved the sensitivity from 89% to 
98% using a RHECT system, with specificity remaining the same 
at 93%.
The main goal of tomographic cardiac blood pool imaging is 
the assessment of the inferior/posterior wall of the LV. It 
has been demonstrated that gated planar images can be used to 
assess adequately the anterior, lateral and septal walls as 
well as the apex of the LV. The problem with planar imaging 
of the LV is that to view the motion of the infero-posterior 
wall the RV lies across and partially obscures this part of 
the LV wall, see Fig. 1.5. There are two planar viewing 
directions from which the Infero-posterior wall is viewed 
tangentially. These are known as the right anterior oblique

(RAO) and left posterior oblique (LPO) views. Both these 
viewing directions result in the overlap although the LPO 
view has the advantage that the LV is nearer to the camera 
and the radiation from it will suffer from less attenuation 
and scatter relative to that from the RV.
One technique which has been used to try and overcome the 
overlap problem is a first pass method. This involves 
imaging the passage of a pulse of radiotracer as it passes 
through the LV, a cinematographic image of the LV can be 
obtained. This technique suffers from two disadvantages. 
One is the count rate limit of Anger cameras with an 
accompanying loss of resolution. The other is the limited 
amount of activity which can be administered when an isotope 
like Technetium-99m is used resulting in a low number of 
counts being acquired in a scan. This limitation can be 
overcome by using the radioisotope 1 95m^u (Elliot et al, 
1983) which has a half-life of 18s and permits very high 
activities to be administered.
Tomographic cardiac gated blood pool (TCGBP) Imaging is thus 
an attractive means of separating the right and left 
ventricles to permit the infero-posterior wall to be 
assessed. The clinical usefulness of TCGBP imaging is in its 
early stages of investigation and some early results have 
been published (Underwood et al, 1985; Barrat et al, 1984; 
Doherty et al, 1984). Underwood et al (1985) have shown good 
agreement between contrast ventriculography and TCGBP 
imaging. Doherty et al (1984) examined the parameters for 
data collection and reconstruction. The quantity of 
information required with RHECT poses a significant data
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handling problem for the reconstruction. Wall, motion 
assessment and the measurement of ejection fraction with 
TCGBP scans Is also being studied (Underwood et al, 1985 and 
Barat et al, 1984). The display of any tomographic Images to 
present the three-dimensional distribution of activity in the 
most understandable form is a considerable problem. This is 
also the case for a contracting ventricle where the 
orientation of the LV in its presentation is also important. 
These studies have involved the use of RHECT systems. LECT 
systems also lend themselves to gated cardiac blood pool 
tomography, particularly multiple pinhole collimator types. 
With Thallium-201 imaging, a problem for both RHECT and LECT 
systems is the poor count rate due to the low activity 
administered and low energy of the isotope. Both types of 
system require imaging times of the order of 15-20 minutes 
with a general purpose, medium sensitivity, medium resolution 
collimator. Multiple pinhole and quad slant hole collimator 
LECT systems offer an advantage over RHECT and rotating slant 
hole c ollimator LECT systems by acquiring images 
simultaneously. No movement is required between the camera 
and/or collimator with respect to the patient movement during 
the acquisition period. Also, the number of counts in each 
image will be consistent and in the event of an acquisition 
being terminated due to patient discomfort, gating or other 
clinical or technical problems, the images will have been 
consistently acquired. The limited angle LECT systems also 
acquire a small number of views, usually 6 to 12. Hence with 
LECT, the amount of data to be acquired and manipulated in
the reconstruction is reduced compared to RHECT. A LECT 
system can be provided using a mobile Anger camera and so 
taken into an acute clinical environment: e.g. a coronary 
care unit. By contrast a RHECT system requires considerable 
rigidity in order to prevent image artefacts and so does not 
offer this flexibility. Patients are required to come to a 
RHECT system which for IHD assessment may be detrimental to 
the stress Thallium-201 test by introducing a delay between 
the injection of radiotracer and peak exercise and the start 
of imaging. These considerations point to LECT systems 
having potential advantages in the assessment of both 
myocardial perfusion and LV function.
1 . 9  Problems Associated with LECT
In the foregoing sections, the development of LECT and its 
curr e n t  physical and clinical performance have been 
described. LECT is now an established radioisotope imaging 
technique particularly suited to cardiac imaging. As Lefree 
(1981) points out, the equipment is inexpensive to fabricate 
and most of it is common hardware found in a radioisotope 
i m a g i n g  department. The small imaging and processing 
requirements also simplifies the technique compared to other 
radioisotope tomographic techniques such as RHECT.
A considerable amount of work has been undertaken to assess 
the clinical and physical performance of LECT systems. These 
studies have identified and in some studies attempted to 
explain, problems with LECT. A number of workers have 
documented what Williams (1980) described as an ’error 
propagation, of a residual forward and backward Interaction 
from adjacent activity planes’. This sa m e  effect is
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described by Freedman, 1973, thus, 'information from above 
and below is distributed on an image and behaves as noise'. 
Koral 0984) refers to there being a 'well known' elongating 
distortion of an object In a direction perpendicular to the 
camera face'. None of these workers offer an explanation for 
this propogation or assess how significantly it affects 
tomograms. Lefree (1981) makes a vague reference to 'cones 
of revolution are missing in our sampling in the frequency 
domain'. This, he says, is due to a 'limited sampling angle’ 
and the result is th a t  'a sheet source reconstructs 
ambiguously as a volume source'.
Lefrees (1981) comments about limited angular sampling are 
echoed by other workers. Koral (1984) states that 'sampling 
a 3-D volume over a solid angle less than 27T results in 
the elongation or propogation referred to above. Budinger 
(1980) also discusses 'limited angular range of sampling' and 
describes techniques to overcome it. Hasegawa (1982) 
suggests that 'some limitations of 7-pinhole tomography might 
be reduced by more com p l e t e  angular sampling of the 
radionuclide distribution*. Hasegawa does not give a 
rationale for this and is not specific about which 
limitations might be reduced. He refers to another aspect 
discussed by Budinger (1980) regarding the criticality of 
patient positioning and suggests that it is made less 
critical by Increased sampling.
Budinger (1980) discusses the dependence of object shape and 
the imaging orientation on the tomograms obtained. He 
demonstrates this on Thallium-201 tomograms obtained using a
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7-pinhole collimator system. As what Bud i n g e r  calls 
•mispositioning' is increased, the tomograms exhibit an 
Increasing amount of artefact until they ar e  quite 
unrecognisable. Freedman (1973) discusses artefacts in 
tomograms more generally and suggests that the motion used to 
obtain the tomograms determine the type of 'information 
artefact* with a circular method offering ’complete 
blurring'. Hasegawa (1982) following on from Budingers 
mispositioning concept examines what he calls 'collimator 
misalignment artefacts' in Thallium-201 myocardial tomograms 
with 7 and 12 pinhole systems. He quantifies the false 
defects which are apparent in the tomograms and looks at the 
variation with misalignment. Ratib (1982) looks at the same 
artefacts with a rotating slant hole collimator LECT system 
and identifies inferior false defects in the reconstructed 
left ventricle. He explains these defects as being due to a 
'partial volume effect' which he does not elucidate.
Of the many LECT system descriptions, none have presented a 
fundamental analysis of the LECT technique. Oldendorf in 
I960 described the blurring effect which is obtained for out 
of interest activity by the selective motion between source 
and detector. Most other descriptions of tomogram generation 
by LECT has been basically this blurring of out of plane 
activity. Freedman (1973) discusses the selective addition 
of Images displaced appropriately, lead i n g  to the 
intensification of data in the plane of interest. Kuhl and 
Edwards (1963) Lefree (1981) and Budinger (1980) use the 
extremely simplistic case of point sources to demonstrate the 
reconstruction technique and do not pursue larger volumes and
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Identify the problems associated with them. Others, (Lefree, 
1981; Kirch and Vogel, 1980) present LECT systems, describing 
the basic components, its physical performance and the 
reconstruction software. Lefree (1981) describes the 
collimator, the camera performance and acquisition 
parameters. Kirch and Vogel (1980) introduce the 7-pinhole 
collimator, describing it as fulfilling the 'notion' of 
viewing an object from several directions. These 
presentations lack a common aspect; a fundamental theory of 
how LECT reconstructs an object and from that how an optimum 
system can be designed.
However, Chiu et al, 1979 have shown theoretically that all 
3-dimensional radiographic imaging systems can be treated by 
establishing a relationship between the measured projections 
and the 3-D Fourier transform of the object. They show that 
for imaging systems with a restricted angle of view (LECT), 
insufficient data will be collected to permit a complete 
generation of the fourier transform of the object. It is 
claimed by Chiu that this absent Information or missing cones 
in fourier transform space merely degrades the resolution 
perpendicular to the camera face and that this is not 
disastrous for extended objects.
In Chapter2 a theory of intersection of rays is considered and 
developed and a technique is established in Chapter 3 to 
allow systems to be assessed. In Chapter 3 the technique is 
used to optimise the design of a LECT system. The basis of 
this technique provides an explanation of how the backward 
and forward propagation arises. The effect of this on the
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overall reconstruction volume Is demonstrated and the ideas 
of Lefree (1981) about 'sheet source reconstruction' and 
'cones of revolution' are clarified. The technique is used 
to explain the improvement described by Hasegawa (1982) 
obtained by using a 1 2 pinhole collimator system rather than 
a 7 pinhole system for Thallium-201 myocardial imaging. Also 
in Chapter 3 it is demonstrated how increased sampling can be 
easily assessed to evaluate whether or not an improvement 
will be obtained.
In Chapter 4 and 5, assessment of the physical and clinical 
performance respectively of an actual rotating slant hole 
LECT system are described. A rotating slant hole LECT system 
is described in Chapter 4 and measurements to assess its 
physical performance are presented and compared with 
contemporary LECT systems. Chapter 5 examines how extensive 
false defects are in Thallium-201 myocardial tomograms. In a 
clinical trial, the presence of false defects are shown to 
have a significant effect on the diagnostic performance of 
the test. The origin and explanation of the defects is 
considered in Chapter 6. Experimental measurements are made 
using a left ventricle phantom and Hasegawa's (1982) finds 
are corroborated.
The problems to be encountered in gated blood pool tomography 
with LECT are considered in Chapter 7 and steps which can be 
takjn to overcome them are examined.
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CHAPTER
2
THE INTERSECTION OF BACK PROJECTED RAYS FOR 
LONGITUDINAL EMISSION COMPUTED TOMOGRAPHY
2.1 INTERSECTION OF RAYS FOR TOMOGRAPHY
The basic Information available in all tomographic systems is 
a raysum, either of activity or attenuation, along a line of 
sight. Let this be o'(1) where 1 represents a line of sight 
anywhere in space. For any 3-dimensional object with a 
distribution of activity or attenuation A (r,0,0), there will 
be an infinite number of raysums and associated lines of 
sight through that object. The entire set of raysums can be 
described by a function in r, 6  and each set of values of 
which represent a plane p which contains a raysum function 
continuous in r’ and 6 '; r' and 0 ' being parameters within 
that plane.
If a continuous function of raysums «xists in a plane p chen 
there is a unique solution to the activity or attenuation 
distribution A (r,0,$) within that plane, Braeewell, 1956. 
The .continuous function in r, 0 and f represents all possible 
planes which may exist within the 3-dimensionsl distribution 
being studied.
The minimum number of planes and hence the minimum number of 
raysums required to reconstruct fully the distribution A 
(r,0 ,f), will be achieved when there is no redundancy of 
reconstructed information, i.e. when there is no overlap 
between planes. This can be expressed by saying that, for
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any chosen plane pn , any other plane pm within the solution 
must not intersect pn This means pn and pm must be parallel. 
Hence, the most efficient arrangement for acquiring the 
raysums to obtain a unique solution, is for all raysums to 
lie at right angles to a single direction. This arrangement 
is only found in a RHECT system where the planes are 
independent and may be reconstructed in isolation. Thus the 
ectomographic system of Dale et al, (1985) represents an 
inefficient use of a system which is inherently capable of 
rotating head tomographic performance.
In LECT, each viewing direction dn of the camera acquires a 
set of raysums parallel, to dn. These raysums, when back 
projected, form a column of raysums with a cross-section 
equal to the view of the object in the direction dR. This 
column can be described by a set of parallel planes with 
direction at right angles of dn. Each plane which contains 
raysums has a projection of activity with a finite width, 
see Fig. 2.1. Let this be called a single projection plane 
set. This set will be Just one of an infinite number of 
single projection plane sets Sn, each set having a direction 
perpendicular to dn-
Generally there are two routes to a unique reconstruction of 
the 3-dlmensional activity distribution being imaged, See 
Fig. 2.2 The most efficient route, using a RHECT system is 
to acquire raysums which lie in a set of parallel planes. 
This is achieved by rotation of the camera about the object. 
The other route is to acquire all the possible raysums 
through the object. From these, an infinite number of 
parallel planed solutions can be obtained. All these
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THE POSSIBLE ROUTES TO A UNIQUE RECONSTRUCTION OF A 3—DINENSIONAL 
ACTIVITY DISTRIBUTION
solutions would be unique reconstructions of the object and 
any one of them could be chosen.
Since no LECT system acquires an Infinite number of raysums 
we cannot expect it to reconstruct the infinite number of 
planes which will provide a unique solution. If a LECT 
system has N different viewing directions d^..dg> then both 
the geometry and the distribution of activity within the 
object has to be approximated from the sets of single­
projection planes, Si...SN, appropriate to the viewing 
directions. Consider a viewing direction dn with the back 
projected column being represented by an infinite number of 
sets of single projection Sn , all at right angles to d n- If 
we now consider another viewing direction dm it too will be 
represented by an infinite number of single-projection plane 
sets Sm at right angles to dm. Any reconstruction technique 
must use the combination of single projection plane sets.
The volume which will be described by the intersection of 
these two projections can be assessed by considering the set
A A
of planes from Sm and Sn which are parallel to dn A dm* Let 
this be described as the common plane set for these two 
projections. For any complex object the common plane set 
from any two single-projection plane sets will contain a 
limited amount of information about the boundary of the 
object. In general, the predicted boundary will not 
represent exactly the shape of the object being viewed. The 
simplest aspect to be assessed is the difference between 
object and reconstruction shape which can exist wihin common 
plane sets. Further, the extent of the difference between
-3<4-
the object volume and the overall reconstruction volume must 
be considered.
It should be emphasised that this analysis considers the 
geometry of the logical intersection between rays. The 
process of tomographic reconstruction actually involves 
arithmetic summation of data and the use of reconstruction 
algorithms. Nevertheless, we will show that the viewing 
geometry of a LECT system will generally indicate a dif­
ference between its outline of an object volume and the true 
object volume. *
Interaction of Two Single-Projections
In an ideal imaging situation, with no activity outside the 
object and an ideal imaging system, a single projection in a 
direction dn determines tangents to the object's surface in 
the direction d„. The combination, by back projection, of any 
two single projections dn and dm which satisfy 
dnAdm t 0, will sweep out a volume which will contain the 
object, but only in the case where the object volume and the 
volume swept out are exactly coincident will this combination 
of the two projections be a unique reconstruction of the 
object volume boundary. The actual activity distribution 
which will be represented within that volume will depend on 
the algorithm usedand this is discussed later. However, the 
fact that it may be possible for an object to give rise to a
reconstruction volume which only represents the object
A Aboundary in directions at right angle to dn and dm indicates 
that the reconstructed activity distribution for most objects 
will extend into space outside the actual object volume.
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r  = dm . (a.dn * b.dm ♦ c.dnln>
P a (a ♦ b) (1-KJO30) - 2 *3
Where 6 is the angle between dn and dm
Since the comdonent c, of r in the direction dnm makes no 
contribution to the value of P , it can be concluded by 
inspection that c must equal zero in order to maximise the 
value of r  .
- 2 6 -
DIRECTION r IN RELATION TO dn> d^ 
AND COEFFICIENTS a, b and c.
AND d SHOWING ANGLE O
With p a unit vector, we can then write 
a*+ £  * 1
This gives b * (1 - a1  )*
and P  . [a ♦ ( 1 - a* ^  ] • ( U  c°s e >
-  Z .K
- 2.5
ffi (1 a*/1 ( 1  cos 9)
For a maximum value of P  , iC  - 0  
da
=> a = ( 1  - a )
.  I.l -  lb I _26
Hence the direction of r which maximises the sum of the 
scalar products between r and dn and dm is such that |a| =
|b|and c « 0.
This shows that, for the combination of two single 
projections the maximum difference between object and 
reconstruction volume boundary will lie in the planes 
parallel to the direction dn>. Hence to assess the greatest 
error which will arise in the combination of two projections 
dn and da , the planes parallel to dnB should be examined. 
Projections from a LECT system only have common plane sets 
for pairs of projections and so consideration of pairs of 
projections forms the basis on which to oonsider the error 
volume which will result in a LECT system reconstruction.
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Within the reconstruction volume formed from the two 
projections dn and dn . consider a single plane parallel to 
dnm. Let the widths of the projections be Dn and Dm and let 
the distance from their intersection to the viewing plane be 
R, Fig. 2.4a. When 0, the angle between the viewing
a A
directions tends to zero, dn will tend towards dm and no 
useful information about the object boundary is gained from 
the combination of these two views. The position of the 
camera relative to the object defines a limit to the boundary 
of the object in this case. When the angle between the 
viewing directions is such that the views are separated, the 
limit to the object boundary is defined solely by the widths 
of the views Dn and Dffl, and not the distance R to the 
intersection. When the views are not separated, as in Fig. 
2.4b, there is an area of overlap as indicated. No overlap 
occurs if 0 is greater than the value 6C shown in Fig. 2.4a. 
This value of 6 can be expressed in terms of R, Dn , and Dm .
Consider two intersection projections in a plane parallel to 
dnm, as shown in Fig. 2.5. The activity distribution in this 
plarie which will give rise to these projections can be 
confined within a multitude of boundaries from the 
parallelogram formed from the intersecting widths, drawn in 
bold lines, to a single line of activity along either of the 
diagonals of the parallelogram.
The greatest difference between the area occupied by a 
reconstruction and the object, occurs if the object actually 
is a single line of activity. Realistically, the case for
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which the true solution is a parallelogram will not arise 
clinically and need not be considered. The area of the 
parallelogram defined by the intersection of the projections 
gives a measure of the greatest difference between the object 
and reconstructed area. This area A is Just
A = DnDm/sin 0 - 2.7
For there to be no difference, this area needs to be zero, 
which will only be the case if Dn or Dm or both are zero and 
corresponds to an infinitesimally thin object. For a given 
D n and Dm , 0 may vary from 0c to If - 0c. However, we note 
that Dn and Dm can remain constant while varying 0, only for 
an object of circular cross-section in the plane of interest; 
in this case Dn = DB. Since the widths which will arise for 
a variation in 0 depend on the actual object shape, the value 
of 0 which would give the minimum difference between object 
and reconstruction area cannot be found without prior 
knowledge of the object shape and hence area occupied in the 
plane of interest. Thus, we cannot generally specify an 
optimum viewing angle.
It is clear that only for an infinitesimally thin source such 
as a point source, a line source or a plane source in an 
orientation to the viewing system which results in either Dn 
or Dm being zero, will A be zero. Hence, only for these 
cases, which will not occur clinically, will a common plane 
set reconstruct the object volume precisely.
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In practice tomographic reconstruction systems employ deconvolution 
techniques to modify projection data prior to back’ projection 
employing arithmetic summation in order to obtain an estimate of 
activity distribution. The boundary of an object must then be 
inferred from the reconstructed distribution of activity. The 
process of filtered back projection (or the equivalent Fourier 
deconvolution techniques) involves negative back projection values. 
Actual reconstructions may therefore have different boundaries from 
those indicated by the current analysis of intersections of back 
projected rays.
The limit of resolution of the imaging system will define the 
minimum thickness of an object which can be resolved. For any LECT 
viewing system an object with thickness equal to or less than the 
resolution of the system will have its volume shape reconstructed 
correctly by a common plane set, provided the object is one of the 
three types described above and is correctly orientated to the 
viewing system. Apart from these three objects and a 
parrallelogram shaped object, none of which occur olinically, a 
common plane set will not represent the object plane precisely. 
The volume which is generated will .encompass the object and may be 
described as having an error volume for that common plane set.
In any situation where there are several viewing direction there 
will be more than one common plane set, each with its associated 
error volume. Combining these plane sets will result in an overall
-40-
The actualerror volume for a given object and LECT system, 
activity distribution predicted »ithin th. ovsr.il rsoonstructlon 
volume «ill depend on tne sotlvlty distribution in the object and 
reflected in the views acquired for the reconstruction.
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CHAPTER
3
SYSTEM ASSESSMENT BY ERROR VOLUME INDEX 
Assessing the Total Reconstruction Volume
The analysis in Chapter 2 has indicated that longitudinal 
emission computed tomography may not reconstruct a volume 
correctly and that in general the reconstruction volume 
may occupy regions which do not correspond to the object. To 
assess the way in which LECT systems will reconstruct an 
object incorrectly, it is useful to have some measure of the 
extent of the error volume.
In Chapter 2, Part 2, the direction r in which there was 
a maximum difference between each object and reconstruction 
area in a plane within the common plane set, resulting
from views d and d was introduced. This used the scalar n m a a
product of r with 3 and d , it identified r « d ♦ d
a a n m n m
and r * d - d as the maximum error directions. This n m
concept for assessing the contributions made by tangents
to the object in defining the object boundary in a chosen
direction can be extended to the situation of N viewing
directions. Each pair of viewing directions dfi and dm
will have a common plane set and two directions dR ♦ dm
and d - d in which there will be a maximum difference n m
between object and reconstruction when only these two 
directions are used. In the combination of the two viewing 
directions considered previously the greatest difference
between object and reconstructions area is for a line source, 
between the two points of intersection of the projections. 
Hence, the greatest difference between object and recon­
struction volume will be for a plane source with a direction 
parallel to either of the two directions.
The actual extent of this difference between plane object 
and reconstruction volume depends on the angle between 
the direction of the plane and the viewing directions. 
Two extremes occur, if these directions are perpendicular 
there is no difference, while if they are parallel the 
difference becomes infinite and there is no information 
about the boundary of the plane in the direction of the 
plane. Hence, as the angle between the plane direction 
and the viewing direction increases, so the extent of the 
difference between plane object and reconstruction volume 
decreases. Thus, the extent of the error volume can be
assessed from the scalar product of the maximum error volume 
direction and the viewing direction. Let this scalar product 
be called the error volume index (EVI). It will vary between 
zero and unity and the closer it is to zero, the smaller 
will be the error volume.
Although two maximum error volume directions result for 
each common plane set, the error volume in these directions 
will itself be reduced by the influence of the other common 
plane sets. If the EVI for all of the viewing directions 
can be calculated, with respect to each maximum error di­
rection for all the common plane sets, then the smallest 
and largest EVI can be found and the appropriate directions 
identified. For a viewing system of N views the steps 
required are as follows
1) Calculate the N!/(N - 2)! maximum error volume directions
2) Calculate the N(N!/(N - 2)!) EVI for the system
3) Select the maximum EVI and the corresponding maximum 
error volume direction.
Thus, for any LECT system, a simple analysis can identify 
the direction in which the maximum difference exists between 
an actual plane object and its reconstruction volume. 
Furthermore, the EVI gives an indication of the magnitude 
of the reconstruction error volume which will occur. It
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should be noted that although the EVI gives a parameter 
for a particular system, in a practical application, the 
actual extent of the error volume will also depend on the 
dimensions of the plane.
Relation Between Maximum Error Volume and Reconstruction 
Volume
Any object can be considered as a summation of planes of 
activity with their directions all parallel to the direction 
of maximum EVI. The reconstruction volume can then be 
considered as the summation of the maximum error volumes 
for these planes. The resulting reconstruction volume 
will be the locus of the superimposed maximum error volumes 
and activity will be predicted to exist throughout this 
reconstructed volume even where it does not agree with 
the object volume. The maximum error volume for a single 
plane will be a double cone with an included angle 2 . cos 
(EVI), with their bases coincident in the plane. Fig. 3-1 
illustrates this for a circular plane object.
Of course, if the object shape was a double cone with an 
appropriate included angle, then there would be no error 
in the boundary of the reconstruction volume.
The superposition of maximum error volumes is demonstrated 
in Fig. 3.2 where a sphere is shown divided into a set 
of parallel planes. A reconstruction was made using the 
Iterative Least Squares Reconstruction Technique iILSRT), 
Budinger and Gullberg, 1971*. The reconstruction program 
was written in Fortran and its text is presented in Appendix 
1. The routine reconstructs tomograms using data from 
a four position rotating slant hole 26.6* LECT system (QUAD 
26.6*). Views on a 28 x 28 matrix are required for the 
program and simulated data for a solid sphere was generated.
Fig. 3.1
THE MAXIMUM ERROR VOLUME FOR A SINGLE CIRCULAR PLANE OBJECT

These noise free views were used to reconstruct a series 
of tomograms throughout the reconstruction volume.
Calculation of the EVI's for a particular set of viewing 
directions is straightforward and a program to do this 
for up to 15 different viewing directions is given in Appendix 
2. For a QUAD (26.6*) LECT system the maximum EVI occurs 
along the axis of collimator rotation and indicates that 
the maximum error volume will occur for a plane orientated 
parallel to this axis and will be a double cone with included 
angle of 53*. Fig. 3-2 shows the resulting superposition
of maximum error volumes for the planes of the sphere together 
with the reconstruction volume boundary predicted by the 
computer simulated reconstruction. The edges of the sphere 
tomograms were estimated by arbitrarily assuming a cut
off of 100 0 and interpolating to obtain the position of 
this cut off across a main axis of the tomograms.
Clinically, an organ can be considered as a summation of 
slices. Knowing the direction with the maximum EVI and 
its value, the extent of the error in the reconstruction 
volume can be gauged in relation to the organ's shape and 
size. Reductions in the extent of the overall error volume 
from reorientation of the imaging system can be appreciated 
simply using this technique. Thus, the most suitable orien­
tation of the imaging system for a particular clinical ap­
plication can be determined. On the other hand, the results 
from the clinical application of a system can be examined 
with respect to a known overall error volume generated by 
the system in that application.
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3.3 Comparison of the Two Common LECT Systems
The most common LECT systems are of the multiple pinhole 
and slant hole collimator type. Fig. 3-3a and b define 
a coordinate system and unit vectors for the viewing di­
rections in a 25* six-position rotating slant hole collimator 
and 25* 7-pinhole collimator respectively. Table 3-1 lists 
a selection of directions relative to the axes shown in 
Fig. 3-3 along with the EVI found by applying the above
analysis. These are not, of course, the entire number 
of error directions derived from all the common plane sets, 
although they cover the range of EVI's for the systems. 
This shows that the maximum error volume is the same for 
the 7 -pinhole and slant hole systems and occurs for the 
reconstruction of a planar object which has a direction 
parallel to the z-axis of Fig. 3-3* This is the axis of 
rotation of the collimator for the rotating slant hole 
system and perpendicular to the camera cystal in both cases. 
Reconstruction algorithms for such systems use this direction 
for the reconstructed planes. The shape of the maximum 
error volume for both system will be a double cone with 
bases coincident in the object plane and an included angle 
of 50*. The advantag. of the 7-pinhole system compared 
with the slant hole system is illustrated by examining 
the other error direction EVI's. Table 3-1 shows that 
the additional view removes the error in the direction 
marked with an asterisk.
3.4 Optimisation of a Slant Hole Collimator System
Table 3-1 shows that, for a 25* slant hole collimator system, 
the majority of directions in the x-y plane have an as­
sociated error volume. Although it is not always as great 
as the maximum error volume for that system, object and 
reconstruction volume still differ significantly. By
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TABLE 3.1
SYSTEM DIRECTION EVI
X y z
32«» .187 .927 .70
• 5 .8 6 6 0 .2 1*
25' Hex rsh .113 • 196 .973 • 79
.8 8 6 • 5 0 0
0 0 1 ■ill
32«» .187 • 927 .70
■ 5 .8 6 6 0 0*
25* 7-pinhole ■ 113 • 196 .973 • 79
.8 6 6 • 5 0 0
0 0 1 ¿21
Comparison of EVI's for hex. rotating slant-hole and 7-pinhole 
systems. Maximum values underlined. Comparison of the entries 
marked * shows the effect of an additional view.
altering the slant-hole angle though, the EVI ,in these 
directions can be made equal to that in the z direction. 
When this is the case the reconstruction volume will differ 
from the object volume by the same amount in all of these 
directions.
The angle of the slant hole collimator was found at which 
the EVI in the z-direction equalled that in the x-y plane. 
This was taken to be the optimum collimator angle and this 
angle was found for an increasing number of views equally 
spaced through 360*. The variation of optimum collimator 
angle with number of views is shown in Fig. 3-4 and indicates 
that all the optimum collimator angles are greater than 
45*. In practice, this would result in a very shallow 
viewing angle and consequently the depth at which activity
could be detected would be small, even in the case of a
large field of view camera where the typical field width 
is around 400 mm. For an optimum six position slant hole
collimator on a standard field of view camera with field
width of around 250 mm, the maximum depth is 57 mm which 
would not constitute a usable system.
3 . 5  Modification of LECT System by the Addition of Views
The addition of further viewing directions can be assessed 
easily by indentifying the maximum error direction and 
EVI. Koral et al, (1982, 1984) have demonstrated an improve­
ment in the tomograms obtained from using a six position 
25* slant hole collimator system, by rotating the actual 
camera though 90* and adding a further six views. Let 
this be called a double HEX LECT system. Table 3-2 lists 
the range of EVI’s and their appropriate error directions 
for this system to allow comparison with the six position 
25* slant hole values in Table 3-1. This shows that the 
direction of the maximum error volume alters, but more 
importantly the maximum EVI is greatly reduced compared 
with the single HEX system.
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VARIATION OF OPTIMUM COLLIMATOR ANGLE WITH NUMBER OF VIEWS
TABLE 3-2
SYSTEM DIRECTION EVI
X y z
.32«» .187 .927 .03
.5 .8 6 6 0 . 2 1
.113 .196 • 973 .13
• 551 59 • 59 .2 0
0 .707 .707 ■25
2 x 25* Hex .197 . 8*»3 .501 . 1 0
.13*» • 572 .807 .2 0
• 515 -.737 .*»38 .0 2
.226 0 • 973 . 1
.228 .6 8 8 .6 8 8 .32
.**83 -.619 .618 .23
.292 .8 8 .373 .05
0 0 1 0
.32*» .187 .927 .19
.5 .8 6 6 0 . 2 1
.113 .196 973 .2 0
25* Hex * 1 0 0 1 0
.299 .707 .6 *» .26
0 .37*» 927 .37
.127 .826 . 5*»8 .17
• 187 -.56«» .80*» .*•8
Range of EVI's and the corresponding error directions for double 
♦ 1 LECT systems. Maximum values underlined.hex and hex
A simpler view addition, involving less computing and data 
acquisition, is to add a single planar view with the camera, rotated 
through 90°; let this be known as HEX + 1 LECT system and Table 3.2 
also lists the error directions and EVI's for it. Although the 
directions of maximum error volume is again altered, the EVI is 
greatly reduced, though not quite to the level of the double HEX 
system. The benefit of using the HEX + 1 system as opposed to the 
double HEX system is that only one additional view is required.
To demonstrate this comparison, a reconstruction of a sphere was 
simulated using noise free projection data which was used in the 
program given in Appendix 1. The iterative least squares 
reconstruction technique (ILSRT) of Budinger and Gullberg was again 
used and along with the reconstruction progrcn given in Appendix 1 
for a QUAD (26.6°) LECT system two other reconstruction programs 
were used. These are given in Appendix 3 and 4 for a QUAD ♦ 1 LECT 
and a double QUAD LECT system respectively. For the QUAD ♦ 1 
system, an additional simulated planar view is required. Fig. 3-5 
shows the predicted activity profiles across the centre of the 
tomograms. These are shown for the basic QUAD system, a QUAD ♦ 1 
system and a double QUAD system and for comparison, the ideal 
distribution is also shown. For the three systems the error 
directions and EVI's are listed in Table 3.3. The choice of a 
sphere provides a simple, symmetrical object for reconstruction. 
The profiles for the QUAD system demonstrate the error volume 
projection in the z-axis direction of Fig. 3-6a. This corresponds 
to the max error volume direction with EVI of 0.893 listed in Table
3.3 for this system. The other two system profiles show how the 
error volume is greatly reduced for these systems.
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Q U A D Q U A D ♦  1 D O U BLE QUAD
TABLE 3-3
SYSTEM DIRECTION EVI
X y z
.236 .2 36 .924 .74
.707 -.707 0 . 1 2
0 0 1 .89
1 0 0 0
.236 • 236 .924 .24
-707 -.707 0 12
26.6 quad ♦ 1 0 0 1 0
-85 0 •525 *51
.707 .316 .632 • 25
.236 .236 .942 . 1 1
.707 -.707 0 • 1 2
0 0 1 0
double quad .236 -.236 .942 . 1 1
-578 ■ 576 .576 .26
0 .711 -703 .31
.267 • 534 .801 . 1 2
.409 -.817 .407 0
0 .948 • 314 .14
.236 .2 3 6 .942 .24
.707 -.707 0 • 1 226.6 quad * 2 0 0 1 0
• 316 .707 .632 .25
.236 .236 .942 . 1 1
.707 -.707 0 • 1 2
1.5 x quad 0 0 1 0
■ 578 ■ 576 .576 .26
.267 .801 • 534 . 12
-.41 -.41 .816 .18
Range of EVI's and the corresponding error directions for five 
different LECT systems, showing the effect of additional views. 
Maximum values underlined.
Fig. 3.6
!
Z
THE VIEWING DIRECTIONS FOR (a) A QUAD AND A (b) 1.5 QUAD LECT 
SYSTEN WITH RESPECT OF A COORDINATE SYSTEM
There are clinical situations in which there is a benefit 
in having to acquire only a small number of views. Fewer 
views mean less computing time and computer space. Additional 
views should be chosen such that the greatest improvement 
is obtained for the least number of views. This would 
suggest that a QUAD ♦ 1 modification be chosen as opposed 
to a double QUAD. If a further planar view could be added 
with the camera displaced by 90* from both the original 
and first planar view direction, a QUAD + 2 system would 
result. Table 3*3 lists the direction and EVI's for this 
system also and shows that a maximum EVI equal to that 
for the double QUAD is obtained.
The major problem with the addition of such views would 
be the change of collimator and any consequent upset in 
patient positioning. This can be overcome by rotating 
the camera and using the slant-hole collimator, but with 
only two additional views, a 1.5 QUAD system. The choice 
of the additional views is important and this is shown 
in Fig. 3-6b. Table 3-3 lists the error directions and 
EVI's for this system and shows that the maximum EVI is 
the same as for the double QUAD system.
Increased Angular Sampling
It has also been suggested by Hasegawa et al, (1982) that 
a major problem in LECT lies with the limited angular sampling 
of LECT systems. For an increasing number of views with 
the same viewing angle. Table 3-** shows that the maximum 
error volume direction and EVI remains the same and so 
the maximum error volume shape does not change. Thus the 
maximum error in the reconstruction volume will not be 
reduced by increasing the angular sampling in this way.
The conclusion of Hasegawa et al, (1982) that the increased 
sampling of a 1 2 -pinhole collimator was responsible for
TABLE 3.**
SYSTEM DIRECTION EVI
X y z
.221 .221 • 949 .77
.707 -.707 0 • 30
4 0 0 1 •21
1 0 0 0
.365 • 151 .918 .68
•3«3 -.924 0 .16
8 .221 .221 .9 4 9 .73
.067 .162 .984 .82
0 0 1 •21
• 396 .106 .911 .66
.26 -.966 0 .11
12 .324 .187 .927 .68
• 5 -.866 0 0
.113 .196 .9 7 3 .79
.031 115 .9 9 2 .85
0 0 1 0.91
Effect of increasing angular sampling, for a slant-hole collimator 
LECT system at constant viewing angle. Maximum values underlined.
a decrease in the degree to which a myocardial artefact 
was apparent in a phantom is true in that a decreased EVI 
results from the alteration in the angle of the views to
accommodate the 12-pinhole collimator. From Hasegawa's
figures the EVI would have been 0.796 for the 12-pinhole
system compared with 0.884 for the 7-pinhole system. This 
would reduce the size of the maximum error volume and hence 
reduce the penetration between planes by an appropriate 
amount. Hence the improvement arises not from the increased 
number of views, but from the altered viewing angle of
the additional views.
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CHAPTER
4
DESCRIPTION AND PHYSICAL ASSESSMENT OF 
A ROTATING SLANT HOLE ECT SYSTEM
4.1 Description of System
The LECT system used for experimental work on phantoms 
and clinical trials in this research was based on a mobile 
standard field of view (SFOV), gamma camera. This is 
a type Sigma 420 gamma camera manufactured by the Technicare 
Corporation, Cleveland, U.S.A. The camera was designed 
for cardiac investigations, with a thin crystal suited 
to low energy isotopes and giving good resolution. It 
is designed primarily for standard planar imaging and 
adapted by the manufacturer to provide a complete LECT 
system.
The camera detector has 37 photomultiplier tubes coupled 
to a 337mm diameter Nal(Tl) scintillation crystal, 6.4mm 
thick. Manufacturers data about the camera performance 
is given in Table 4.1. The intrinsic resolution is 3-3mm 
FWHM and the resolution data for the range of collimators 
available is given in Fig. 4.1. The general, all purpose, 
parallel hole collimator was used for all planar imaging 
in this research. Energy window selection is assisted 
by a 128 channel multi-channel analyser. The pulse height 
analyser has a range from 44 to 220 KeV with a window 
variable between 0 and 100*. An autopeak facility tracks 
the required photopeak by sampling in two windows Just 
above and just below the required energy. This maintains 
consistent centring on the photopeak througout the scanning 
period.
TABLE 4.1
Energy Resolution 
Spacial Linearity 
Integral Uniformity
13* at 140keV
3.8mm across 248mm
♦ 55 for Strip 8* of field width
Differential Uniformity ♦ 3* for any 17.8mm
All above within useful FOV
Count Rate Capability 200 . 103 S1 at 100* window 
150 . 103 S 1 at 50* window 
100 . 103 S' 1 at 20* window
Field Size Hexagonal, 248mm across flats 
286mm circumscribed circle
Intrinsic Resolution 3.3nun FWHM
Efficiency
Tl-201 80keV, 98*
Tc-99m 140keV 70*
Technicare Sigma 420 SFOV Gamma Camera Performance Data.
Distance from
collimator/'mm
VARIATIONS IN RESOLUTION AS MEASURED USING FULL WIDTH HALF 
MAXIMUM (FWHM) FOR THE RANGE OF COLLIMATORS WHICH CAN BE 
USED WITH THE TECHNICARE (SFOV) GAMMA CAMERA
A micro-computer based on the 6800 microprocessor, forms 
an integral part of the system. This has two on board
floppy disk drives for the system software for acquiring 
and processing data and also for the storage of image 
data. A LECT reconstruction program for use with a six 
position 25* rotating slant hole collimator is supplied 
by Technicare. The manufacturer also supplied the collimator 
which is a low energy, medium sensitivity type, similar 
to the GAP collimator for the planar imaging. It is of 
light construction and is manually oriented through the 
six viewing positions for the LECT acquisitions. Because 
of commercial interest Technicare would not permit the 
candidate access to the reconstruction software. However, 
the algorithm used is based on a least squares technique 
known as the Iterative Least Squares Reconstruction Technique 
(ILSRT) as described by Budinger et al, 1974*.
4.2 Physical Assessment of a Rotating Slant Hole Collimator 
LECT System
In the next sections a comprehensive physical assessment 
of the system described in the previous section is presented. 
Measurements were made of the intra planar resolution, 
i.e. the resolution within a plane and of the inter planar 
resolution, ia the resolution between planes. The position 
of reconstructed planes was correlated with the true plane 
position and a quantitative assessment of the reconstructed 
geometry was made. The sensitivity of the system and 
of the reconstruction was measured and lastly, the recon­
struction of a uniform source was examined.
In X-ray transmission computed tomography, a single phantom 
which permits several parameters to be measured is used 
to assess the physical performance of a system (White 
et al, 1981). The concepts in this X-ray phantom were
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combined into a box phantom shown in Fig. 4.2. This consists 
of 1 .0mm diameter tubing fixed diagonally across the faces 
and along the edges shown. Caps on the tube ends allow 
the tubing to be filled with a radioactive solution. In 
this design it was anticipated that several physical para­
meters could be assessed simultaneously.
The line sources along diagonally opposite edges provide 
a source to measure intra planar resolution. They also 
provide reference points in a tomogram for the assessment 
of reconstructed geometry. The sources diagonally placed 
across the box faces, when cut at different depths identify 
the depth of the tomogram and permit geometry to be assessed 
from the displacement from the reference point in the 
plane. These diagonals are arranged to be perpendicular 
to each other on opposite faces which allow the reconstructed 
plane thickness to be calculated from
S as
( * 1  ' b 2 ^ - 4.1
where s is the plane thickness and m. and m2 the FWHM
of the diagonals in the tomograms. This relationship
avoids error being introduced because of misalignment
of the phantom to the camera. The reconstruction of the 
uniform object can also be examined by filling the box 
phantom with a uniform solution of activity. Hence, within 
the one phantom there exists the facility to measure and 
assess several physical parameters of a LECT system. The 
majority of measurements by other workers of inter and 
intra planar resolutions are made using point sources.
U.3 Calculation of the Full Width Half Maximum For Resolution 
Measurements
Quantitative assessment of resolution requires the measure­
ment of the full width half maximum (FWHM) of a point
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Fig 4.2
BOX PHANTOM SHOWN IN RELATION TO THE RECONSTRUCTION 
VOLUME OF A 25° LECT RSH SYSTEM
or line source distribution in an image or tomograjn. Radio­
isotope images are often noisy because of the low number 
of counts which can be acquired, or stored when a digital 
memory is available. Also, the limited space available 
in the computer memory can result in a coarse sampling 
of an object. With the Technicare Sigma 420 both these
problems resulted in noisy acquisitions and reconstructions 
with a low sampling rate across a point source. The 
measurement of FWHM required considerable care in order 
to avoid wide variations in the results.
In this assessment of the Technicare system, the following 
technique was developed to calculate the FWHM of a point 
or line source distribution. Several profiles were obtained 
and each was given a single 3-point smooth. A spline 
interpolative fit was then made to each profile and from 
this curve the FWHM is calculated. A cubic spline inter­
polative curve fitting program was modified to find
additionally, the maximum value of the curve and then 
the half maximum points were found using interpolation. 
Hence, the FWHM is computed.
4.4 Measurement of Inter and Intra Planar Resolution Using 
Line and Point Sources
The box phantom was imaged with the tubing filled with 
Technetium-99m in solution. The activity used was chosen 
to give an imaging countrate well within the Technicare 
systems capabilities. An energy window of ♦ 25* centred 
on the 140KeV total absorption peak was used. Tomograms 
were reconstructed over a depth between 15 and 65mm at 
5mm intervals. Beyond 65mm it was impossible to seperate 
the line sources on the edges from those across the face 
of the phantom when interpreting the reconstructions.
Also, with increasing depth the edge of the phantom came 
so close to the edge of the reconstruction volume that
the distance between the edges was less than the resolution 
of the system. This demonstrated a major fault in the 
phantom; its physical size severely limited the amount 
of the reconstruction volume which could be assessed.
Measurements of the FWHM were calculated over the usable 
range of depth for both intra planar resolution and plane 
thickness. The line sources in each tomogram provided 
four profiles for each measurement. These results are 
shown in Fig. 4.3 4 4.4. Also shown in these figures are
measurements made using a point source. Besides the data 
provided by Technicare, point source measurements are 
shown which were made by the candidate for comparison 
with other LECT systems (Condon et al, 1983). These point 
sources were made by placing small spots of Technetium- 
99mm on chromatograph paper. The results in Fig. 4.4
show that the measurement of inter planar resolution using 
a point source gives a sufficient indication of plane 
thickness.
The problem of the relationship between box phantom and 
reconstruction volume is illustrated in Fig. 4.2. It 
shows that in order to measure the plane thickness at 
a depth close to the apex of the reconstruction volume,
a line source which could not be imaged within the boundary 
of the reconstruction volume would be required. This 
contraindicates the use of the box phantom for resolution 
measurements, in favour of point sources which can be 
placed more extensively within the reconstruction volume.
Reusable point sources were fabricated as shown in Fig. 4.5 
The small cavity in the screw can be filled with a plaster 
mix made with a radioisotope in solution. The reproducibility 
of sources is reasonable and plaster can be trimmed from
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Fig. 4.4
VARIATION OF FWHM FOR INTER-PLANAR RESOLUTION WITH DEPTH
USING BOX PHANTOM O  AND ALSO SHOWING MEASUREMENTS BY CONDON et al
1984 AND TECHNICARE
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Fig. 4. 5
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Point source holder rod “
POINT SOURCE PHANTOM
the cavity to equate the activities. Table 4.2 shows 
the total counts obtained from the sources made *on four 
separate occasions using Technetium-99m and counted in 
a simple scintillation well counter.
A drum was fabricated which can hold these point sources 
in any radial or axial configuration, (Fig. 4.6). The 
point sources can be placed at 10mm intervals along the 
rod which in turn can be placed radially within the drum 
over a range of positions. The base of the drum is as 
thin as possible in order to bring the drum as close as 
possible to the collimator. This phantom was designed 
to be applicable to rotating head GCT systems as well 
as LECT systems so allowing comparisons to be made between 
all ECT systems.
The air filled drum was supported on the Technicare LECT 
system so that the collimator was just clear of the base 
and could rotate. Point sources were imaged firstly at 
15 and 20mm from the collimator. They were then placed 
at 10mm intervals up to a range of 190mm from the collimator. 
Up to 110mm, two sources were imaged simultaneously. These 
two sources were placed 60mm apart, each displaced 30mm 
from the centre of the drum. The drum was rotated by 
*/i and another acquisition taken. This gave two acqui­
sitions and 4 point source reconstructions for each axial 
position up to 110mm. Beyond this distance, it was impossible 
to obtain reasonable seperation between the source images
and each point was imaged on the vertical axis. This
again gave 4 point source reconstructions and as 2 orthogonal 
profiles can be obtained from each reconstruction, there 
were 8 profiles for each depth. The data from around
1 1 0 mm was processed first to ensure there was no dis­
continuity due to the radial displacement of the sources. 
In all the reconstructions, two iterations were used. 
These initial results showed no significant discontinuity.
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TABLE 4.2
TR AL
SOURCE 1 2 3 4
1 29387 35280 27258 253*0
2 25**5 34099 24902 307*5
3 31102 35371 23075 27660
4 27789 34282 23*98 30815
Record of counts obtained from point sources made using 
Tc-99m mixed with plaster.
From the 8 measurements of intra planar resolution and 
4 of the inter planar resolution which were calculated, 
mean values of FWHM were obtained. These values are shown 
in Fig. 4.7. plotted against the distance from the collimator. 
These values are plotted up to a distance of 60mm. This 
was because the reconstruction program permitted a maximum 
of 12 reconstruction planes to be used. The reconstruction 
was performed using a plane separation of 5mm (plane density 
of 200m_1) and by a distance of 60mm the maximum span for 
measurement of the inter planar resolution had been reached. 
The significance of choosing a high plane density is discussed 
in Section 4.9.
4 . 5  Correspondence Between Actual and Reconstructed Plane Position
To assess the correspondence between actual and reconstructed 
plane position, the point source reconstructions described 
in Section 4.4 were used. It was assumed that the plane
containing the maximum number of counts in the reconstruction 
corresponded to the centre of the point source. By identi­
fying this plane, the reconstructed position of the point 
source was calculated. These results are shown in Fig. 4.8. 
Also given in Fig. 4.8 are point source measurements made 
by the candidate for a comparison with two 7 -pinhole systems 
(Condon et al, 1983).
These results indicate that although there is a linear 
correlation over most of the distance studied there is 
an offset of approximately 20mm over most, if not all, 
of this distance. It is not clear what the reason for
this is as the system was calibrated regularly with a 
point source set at a known, fixed distance from the camera. 
This calibration data was used to determine the position 
of planes within images during reconstruction.
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VARIATION OF RECONSTRUCTED DEPTH WITH ACTUAL DEPTH 
OF POINT SOURCES
mm
4.6 ;nt of the Geometry of the Reconstruction
The geometry of the reconstruction was assessed by examining 
the relationship between several point sources with known 
regular spacing. For this, the four radially displaced 
point source reconstructions described in Section 4.4 
were used. These formed the regular array shown in Fig. 4.9. 
The position of the maximum value of the point spread 
functions at all the depths at which a reconstructed source 
had been made was recorded. From the layout of the sources 
in 4.9 it can be seen that the product of the intersecting 
gradients is -1. Table 4.3 presents for a source at 15mm, 
the value of the gradients and the product of the gradients. 
This shows that the relationship between the reconstructed 
sources has been maintained. In order to compare the 
other depths of the reconstructed sources with this, the 
positional data are plotted over the range 15 to 60mm, 
Fig. 4.10. The consistency of positions in the recon­
structions with depth along with the maintenance of the 
relationship between the points at 15mm, as shown in Table
4.3 indicates that the geometry of reconstruction is satis­
factory.
4.7 Measurement of Sensitivity of the System and of the 
Reconstruction
The sensitivity of the system, and of the reconstruction 
was measured by imaging a source of Technetium-99m at 
several depths from the collimator surface. The source 
was a 10ml Amersham vial filled so that the dimensions 
of the source were around 15 x 15mm. The measurements 
of sensitivity for the system as the source is moved away 
from the collimator is presented in Fig. 4.11. Since 
the solid angle subtended between source and collimator 
is altering, the sensitivity is expressed per unit of 
a solid angle. The variation in reconstructed sensitivity
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REGULAR ARRAY OF RADIALLY DISPLACED POINT SOURCES WITH 
INTERSECTING GRADIENTS FOR ASSESSMENT OF RECONSTRUCTION 
GEOMETRY
TABLE 4.3
'l * 2 * 3 *4
1 .0 9 4 3 -0.9218 1.0157 -0.8858
51'82 «2 «3 *3'g4 * * • « 1
-1.0087 -0.9362 -0.8994 -0.9690
Gradients and products of gradients to assess geometry. See 
Fig. 4.9.
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is presented in Fig. 4.12 in terms of total counts per unit 
activity in imaged source. The reconstructions were made 
for the source using a combination of planes and number 
of iterations. The results show that there is no difference 
with the number of iterations, and the program iterates 
to the same limit of total number of counts at each depth. 
Furthermore, the reconstructed sensitivity appears to be 
almost constant with depth even though the sensitivity of 
the camera falls with depth. Since the sensitivity of the 
camera falls off, the total number of counts acquired for 
the images decreases with depth. Table 4.4. Since the only 
data which the reconstruction algorithm can iterate on is 
the total acquired counts, a correction for fall off must 
be introduced by an attenuation correction feature. This
must correct the tomograms for depth in tissue after the 
tomograms have been computed. However, these measurements 
were made in air.
4.8 Uniformity
The uniformity of the reconstruction of the uniform source 
was assessed using the box phantom described in Section 
4.2. The phantom was filled with a well mixed solution
of Technetium-99m. Six images, each containing 400.10^ 
counts were obtained using the 25* slant hole collimator.
A 25% energy window centred on the l40KeV peak was used. 
Reconstruction was made using 2 iterations, 12 planes and 
with a plane separation of 15mm. The variation in recon­
structed activity along the vertical axis of the reconstruction 
is shown in Fig. 4.13. Using this, the central plane was 
identified. Two smoothed transverse orthogonal profiles 
were taken and are shown in Fig. 4.14. It is clear from 
these that the reconstructed activity distribution is not 
uniform within the boundaries of the object, also marked 
on Fig. 4.14. The distribution demonstrates the penetration 
of activity from under and over-
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Fig.
VARIATION OF RECONSTRUCTED SENSITIVITY WITH DEPTH FOR 
VARIOUS NUMBERS OF ITERATIONS (i) AND NUMBERS OF 
PLANES (p) USED IN THE RECONSTRUCTION
TABLE 4.4
Distance
from
Collimator
mm
Total counts 
acquired in 
4.s
15 15282
42 10825
70 7403
100 2959
Total number of counts acquired in 4 
seconds for a source at increasing 
distance from the collimator.
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lying planes giving rise to the peaking of activity in 
the centre of the profile.
4.9 Variation of Inter Planar Resolution with the Reconstruction 
Plane Frequency
The distribution of activity predicted within the planes 
in LECT can be shown to be dependent on the number of 
planes within the reconstruction. In any iterative recon­
struction technique, the summations or raysums of the 
predicted activity are compared to the activity detected 
in the actual views. Corrections are made to the predicted 
plane activity to obtain reasonable agreement between 
the predicted raysums and the actual views. In this way, 
the entire viewed activity is distributed throughout the 
planes in the reconstruction. In the extreme case, that 
only one plane was chosen to exist within the reconstruction, 
all the activity in the views would be pushed into this 
plane by the algorithm. The number of planes is better 
referred to as the plane frequency (m ) and the inter 
planar resolution was shown to vary considerably with 
changes in plane frequency. Five point sources were placed 
in a regular array. Fig. 4.15, and imaged at distances 
from the collimator of 30 and 50mm using a 128 x 128 image 
matrix. The same array was also imaged at distances of 
15, 30 and 60mm using a 64 x 64 image matrix. Reconstructions 
were made using 2 iterations for several different plane 
frequencies. The inter planar resolution was measured 
and the results are shown in Fig. 4.16 and 4.17. It can 
be seen that as the plane frequency increases, the inter 
planar resolution decreases towards a limit.
The reason for this variation lies in the fact that the 
iterative algorithm distributes the viewed activity through­
out the planes available within the reconstruction. If
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VARIATION IN INTER-PLANAR RESOLUTION WITH RECONSTRUCTION 
PLANE FREQUENCY FOR A 128 x 128 IMAGE AND TOMOGRAM MATRIX
Fig. 4.17
m
we assume an ideal viewing system with infinitesimally
small image elements, then the image profile would 
be a continuous function. The initial prediction will 
use data from this profile and sample it at a frequency 
related to the chosen plane frequency. If the profile
is assumed to be a normal distribution, then
by dividing the distribution by equal intervals of increasing
size, thus redistributing the area under the curve into
fewer columns of activity, the effect on the full width 
half maximum of increasing the plane frequency can be demon­
strated, Fig. 4.18.
To verify this effect on the Technicare system an acquisition 
of a single point source was made at a distance of 50mm 
from the collimator using a 128 x 128 image matrix. First 
approximations were made for three plane frequencies which 
gave coincident planes. Table 4.5 lists the resulting 
total counts in the appropriate planes and illustrates 
how the first activity prediction increases as the plane 
frequency decreases.
Another aspect affected by plane frequency is the predicted 
depth of a plane as determined by the maximum of activity. 
Fig. 4.19 shows for a 128 x 128 image and reconstruction 
matrix that as plane frequency increases, the predicted 
position of the plane decreases and improves. Although 
it does not attain the true position, the difference is 
minimised by a higher plane frequency. In the previous 
section, 4.5, the increased difference between predicted 
and actual position at increasing distance from the colli­
mator may have resulted from the lower plane frequency 
necessary for the reconstruction at these distances.
This illustrates that the choice of plane frequency for 
reconstruction is important and should be chosen as high
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VARIATION IN MEASURED FWHM OF NORMAL DISTRIBUTION 
WITH SAMPLING FREQUENCY
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TABLE 4.5
REC0N POSITION /
PLANE
FREQUENCY 30 35 40 45 50 55 60 65 70
200m"1 1 12 124 337 325 107 15 0 0
100m-1 3 261 669 36 1
50.-' 5 1013 1
Total counts in the planes of the reconstruction of a point 
source with varying reconstruction plane frequency.
Fig. 4.19
VARIATION IN RECONSTRUCTED DEPTH WITH PLANE FREQUENCY
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as possible within the scope of the reconstruction , system 
being used. There is a limiting frequency which is related 
to the matrix size and the collimator angle and there 
is no point in going higher than this. Most LECT systems 
have a limited maximum number of planes and these can 
be distributed as required throughout the reconstruction 
volume. This distribution should be chosen so that the 
object is encompassed yet the plane frequency is maintained 
as high as possible.
4.10 Comparison of RSH Performance with Other LECT Systems
Inter and Intra planar resolution measurements have been 
published by several authors.
Measurements of this Technicare system were made by the 
candidate as part of a comparison with standard and large 
field of view 7-pinhole systems which was published in 
1983 (Condon et al). Data from that comparison along 
with that from the manufacturers and other workers are 
presented in Figs. 4.20 to 4.21 Ratibs (1982) results 
for intra planar resolution are the only ones amongst 
the RSH measurements which show a difference. The RSHLECT 
system used by Ratib was a Technicare 420 Sigma, but a 
0.9mm diameter Technetium-99m line source was used as 
opposed to a point source. The majority of measurements 
for the 7-pinhole systems agree Fig. 4.22 and Fig. 4.23 
In the intra planar measurements, the differing results 
of Condon (1983) include scatter whereas all the results 
in agreement do not. The results by Condon without 
scatter suggest that scatter accounts for a slight difference 
in the intra planar resolution. However, the same effect 
is not apparent for the inter planar resolution where 
the inclusion of scatter makes no difference. Both of 
Condon's inter planar resolution measurements for the 
7-pinhole system differ greatly from the measurements 
by other workers. A possible explanation, or contributing
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factor to the poor inter planar resolution suggested by 
Condon's measurements, may lie in the choice of plane 
frequency.
Both RSH and 7-pinhole systems have comparable intra planar 
resolution except when scatter is present. Then the RSH 
system performs better than the 7-pinhole. If the results 
of Condon for 7-pinhole inter planar resolution are set 
aside the results for both systems are comparable.
Uniformity measurements have been made by Brookeman (1981) 
on a 10cm cube of uniform activity distribution. These 
measurements demonstrated a uniformity variation both parallel 
and perpendicular to the camera face. Condon also assessed 
uniformity with a uniformily distributed active cube and 
found no significant variation in the uniformity of the 
reconstruction. The assessment described in Section 4.8 
found a variation along both the central axis of the recon­
struction, similar to that found by Brookeman and also 
across the central plane. There was no dip in the transverse 
activity profile, as was found by Brookeman for the 7- 
pinhole system. The variations in the transverse direction 
was very different from a uniform distribution, in contrast 
to the findings of Condon.
4.11 Conclusion
This Technicare RSHLECT system performs as well as other 
RSH and 7-pinhole LECT systems as assessed by inter and 
intra planar resolution. Reconstruction of a uniform source 
is unsatisfactory. There is a discrepancy between the 
positioning of an object and the actual position of the 
object reconstruction as demonstrated by point source measure­
ments. This positioning is also affected by the plane
frequency chosen for the reconstruction. Inter
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planar resolution is affected by the choice of plane fre­
quency for reconstruction. The geometry of a reconstruction 
is a true reflection of the object geometry and no dis­
tortions were found to be generated. Plane frequency 
for reconstruction should be chosen to be as high as possible 
within the constraint of encompassing the object. With 
the Technicare system there is a possible maximum of 12 
planes. The plane spacing should be chosen so that the 
object is just encompassed within these 12 planes. In
this way, the highest plane frequency is used giving the 
best possible resolution and reconstructed plane positioning.
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CHAPTER
5
CLINICAL TRIAL OF A ROTATING SLANT HOLE COLLIMATOR 
LECT SYSTEM FOR INFARCT DETECTION AND ISCHAEMIC 
HEART DISEASE DETECTION
5.1 The Basis for a Clinical Trial
The description of LECT developed previously has shown that 
In a reconstruction, activity may be predicted in a volume 
lying outside the imaged object. To what extent, if any, 
this error will affect the diagnostic performance of the 
technique can only be appreciated through a comparative 
clinical trial, using a standard technique as control. It is 
anticipated that in Thallium-201 perfusion imaging, 
tomography will show an improved diagnostic performance 
compared to standard planar imaging, due to the removal of 
overlying and underlying activity. In Chapter 3, Section 3. 
two common LECT systems were compared. One of these, a 6- 
position RSH LECT system, was assessed ^ using the EVI 
technique to identify the maximum error volume. However, 
this analysis did not in itself give an indication of how 
this reconstruction error would affect the diagnostic 
performance of the system in its clinical application to 
cardiac perfusion imaging. The clinical trial to be 
described compares the diagnostic performance of planar 
imaging and RSHLECT imaging using Thallium-201 against 
angiography findings for ischaemic heart disease detection 
and ECG and enzyme criteria for infarct detection. The trial 
identifies the deficiencies of LECT in Thallium-201 imaging 
of the heart and their impact on diagnosis.
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5.2 Materials and Methods
The Technicare RSHLECT system assessed in Chapter 4 is used 
in this study. The acq u i s i t i o n ,  p r o c e s s i n g  and 
reconstruction were done using the standard Technicare 
facilities provided through the system computer. The useful 
field of view is 248mm and both the planar and rotating slant 
hole collimators were general all-purpose types. The slant 
hole angle was 25° so that the reconstruction volume forms a 
cone as shown in Fig. 5.1. Thus, the size of the 
reconstruction volume is small in relation to most adult 
organs. However, with the camera head in the 45° left 
anterior oblique (LAO 45°) position, the left ventricle (LV) 
can be encompassed reasonably well, Fig. 5.1. Both the 
planar and tomographic views were taken on a 355 window 
centred on the 80KeV mercury X-Ray peak.
The tomographic reconstruction method used is the Iterative 
Least Squares Reconstruction Technique (ILSRT). This is 
appropriate for radioisotope imaging when there are a small 
number of views and the acquired data is noisy. (Budlnger 
and Gullberg, 1974). Six views, each separated by 60° are 
required for the reconstruction.
Three groups, comprising 29 patients with acute myocardial 
Infarction, 20 patients being investigated for coronary 
artery disease and 10 normal volunteers, were studied with 
ethical approval. Those with acute infarction (23 men and 6
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women; age range 32-73 years, mean age 56 years) had rest 
Thallium-201 scans performed within 5 hours of the onset of 
symptoms of definite infarction, as shown by ECG and lhter 
enzyme criteria. Patients with other cardiac disease, apart 
from hypertension were excluded from the study. Stress and 
redistribution Thallium-201 scintigraphy was carried out on 
20 patients (18 men and 2 women; age range 38 - 60 years; 
mean age 53 years) within six months of coronary 
arteriography. Five of the infarct patients were talcing a 
diurectlc at the time of the examination, but no cardiac 
drugs were administered. Among those investigated for 
ischaemic heart disease, five were on beta-blockade and two 
were taking a diurectic. Ten healthy male volunteers (age 
range 18 - 40; mean age 25 years) with no cardiac history, 
symptoms, signs or ECG abnormalities formally consented to 
have stress and redistribution Thallium-201 scintigraphy 
performed. 60MBq of Thallium-201 was administered 
intravenously to the patients and informed volunteers. This 
activity gave a whole body dose of 3>9mSv and a dose of 
23.8mSv to the kidneys which was the critical organ. Infarct 
patients were injected supine and imaged in a coronary care 
unit. The other groups were injected erect in the stress 
laboratory. Planar images in the anterior (AP), LAO-45® and 
left lateral (LLAT) positions were taken. Six tomographic 
views were also obtained in the LAO-450 position.
Imaging started within 5 to 10 minutes after injection for 
stress testing and within 20 minutes for the rest scintigram 
in infarct patients. Acquisitions of 700,000 counts for each
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planar view took from between 6 and 10 minutes. Each 
tomographic v i e w  was acquired over 200 s, giving around 
250,000 counts per view. The order of planar and tomographic 
imaging was reversed randomly to ensure that the effect of 
Thallium redistribution was spread throughout both planar and 
tomographic scans. The entire imaging session following 
stressing of the patient was completed within 45 minutes. 
Delayed images of myocardial redistribution were performed on 
exercise tested patients 4 hours after the stress testing. 
Both planar and tomographic views were recorded in a 128 x 
128 format.
Patients being investigated for coronary artery disease and 
the normal group were exercised using a bicycle ergonometer. 
During exercise the workload was increased by 40W every 3 
minutes. The V5 electrocardiogram lead and the blood 
pressure were monitored before each step up towards symptom- 
limited maximal exercise. Maximal exercise was maintained 
for at least 1 minute after the Thallium injection.
Coronary arteriography was performed on patients being 
Investigated for coronary artery disease within 6 months of 
stress Thallium scintigraphy. A significant stenosis was 
defined as a reduction in coronary artery diameter equal to, 
or greater than 70* of the diameter. All arteriograms were 
reviewed independently by two observers in ignorance of the 
scintigraphic findings. Particular attention was given to 
the site, severity and number of significant coronary 
stenoses and coronary occlusions and to the presence of
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collateral vessels.
The planar images were photographed from the computer video screen 
without any processing. For the tomographic reconstruction the 
maximum number of 12 planes allowed by the software was used. To 
encompass the left ventricle sufficiently, a plane separation of 
8 mm was chosen, giving a reconstruction depth of 8 8mm. The 
position of the first plane was chosen so that it appeared to 
coincide with the apex of the left ventricle. This technique gave 
the best encompassment of the left ventricle while maintaining 
reasonable inter-planar resolution. With stress and redistribution 
images, the position of the first plane in the redistribution scan 
was chosen to give the closest comparison between the two scans on 
a plane to plane basis. After reconstruction the images were 
normalised to the same maximum count and smoothed once.
Separate black and white photographs were made of each planar image 
while four tomographic planes were recorded on a single black and 
white photograph. Fig. 5.2 shows the corresponding planar and 
tomographic images for a normal scan. Four groups of images were 
presented to the observers in a random order: tomographic and 
planar infarcts and tomographic and planar ischaemic heart disease.
Two experienced observers viewed each group separately, the 
presentation order was then altered and the same two observers 
viewed each group a second time. This provided data for inter and 
intra observer variability
Fig.5.2
PLANAR AND TOMOGRAPHIC IMAGES FOR A NORMAL SCAN
For infarct detection observers were asked to indicate whether 
a scan was positive (i.e. defect present) or negative (defect 
not present). The observers responded either "definitely" 
or "probably"; and an equivocal response was also allowed. 
For ischaemic heart disease, as well as indicating the presence 
of ischaemia in the same manner, they were asked to give 
information about the number of vessels and the extent of 
the disease.
5 . 3  The Presence of False Myocardial Defects in the Tomographic 
Images of Normal Subjects
It has been demonstrated by Hasegawa et al, 1982 and Ratib 
et al, 1982, that, in pinhole and slant hole LECT of the 
myocardium, false defects can be introduced in a normal 
left ventricle, and in a left ventricular phantom. This
occurs when the left ventricle axis is at an angle to the 
central axis of the reconstruction volume, as shown in Fig. 
5.1. In the clinical situation it has been found to be 
impossible to eliminate entirely the angular separation 
between the axes of the left ventricle and the reconstruction 
volume. Fig. 5-3 shows two sets of tomograms of two normal 
left ventricles from this study. One set shows complete
rings while the other shows a continuous break along the 
anterior surface of the reconstructed left ventricle. The 
extent of the false defect varies with the anatomical variation 
in the left ventricles orientation from patient to patient.
Since it was known that there would be false defects present 
in the tomographic images of normal subjects. Fig. 5-3. 
a pilot study to examine their influence on tomographic
images for infarct detection, was conducted prior to the 
trial. The intention of this study was to see if observers 
could interpret the false defect phenomenon as such in a
normal scan.
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Fig.5.3
HH
H
Tomograms o f  a Normal 
L e ft  V e n t r ic le  show ing 
no F a ls e  D e fe c ts.
Tomograms o f  a Normal 
L e ft  V e n t r ic le  showing 
F a ls e  D e fe c ts.
TOMOGRAMS OF TWO NORMAL VENTRICLES SHOWING THE FALSE
Two observors were presented with 30 planar and 30 tomographic 
scans from 23 of the patients with known infarcts %and 7 
normal volunteers (from the groups described above). The 
observers were asked to interpret the scans without making 
allowance for what they thought were false defects. Fig.
5.4 presents the resulting ROC analysis of these results, 
which are given in Table 5•1• This shows that the specificity 
improved greatly when the observers observed the false defects. 
Although this acknowledgement of a false defect may have 
led to an increase in false negatives, no decrease in sensi­
tivity was demonstrated. It was concluded that observers 
could interpret the false defect phenomenon in a normal 
scan; it was identifiable as a smooth-edged discrete defect, 
continuous along the anterior wall of the reconstructed 
left ventricle. In the full trial for infarct detection 
and ischaemic heart disease, the observers were asked to 
interpret false defects as normal scans.
5.4 Results for Infarct Detection
The responses from both observers on each presentation were 
combined to obtain the tomographic and planar infarct detection 
results. Table 5-2 indicated the total responses in the
various categories and Fig. 5-5 shows the resultant ROC 
analysis for these responses. To obtain an overall figure 
for sensitivity (fraction of true positive patients detected) 
and specificity (fraction of true negative patients detected), 
the equivocal scans were presented to the appropriate observers 
and they were asked to make a definite response. This gave 
an overall sensitivity, specificity and predictive accuracy 
(fraction of patients with correct diagnosis) of 96%, 95*
and 96* respectively, for planars and of 93*. 80* and 89* 
respectively for tomograms.
The inter and intra observer variability was assessed by 
scoring the response range between *2 for definitely positive 
and - 2  for definitely negative, with 0 as equivocal, i.e.
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TABLE 5-1
.PRE-TRIAL RESPONSES FOR INFARCT DETECTION
♦\fE (E
ACTUAL DEF PROB EQU PROB DEF
♦VE 33 10 2 1 0
PLANARS
-VE 0 1 1 3 9
♦VE 30 14 0 0 2
TOMOS
-VE 0 4 0 6 4
-VE
AKFD
0 0 0 10 4
AKFD - Acknowledging False Defects

a maximum absolute variation of 4. The variation In responses 
to the same image between observers on each presentation 
and between presentation for each observer, was assessed 
by examining the frequency of changes between 0 and 4. 
These are presented in Table 5-3- A change of greater than 
2 was considered to be significant, and at this level both
inter and intra observer variability was good, with agreement 
in over 95% of the responses.
5.5 Results for Ischaemic Heart Disease Detection
As with the infarct detection results, both observer's res­
ponses from each presentation were combined to obtain the 
ischaemic heart disease results for planar and tomographic 
imaging.
The group of 20 patients imaged had disease in one, two 
or three vessels; 13 in three vessels and 7 in one or two 
vessels, as diagnosed by arteriography. Table 5.4 presents 
the results from one observers interpretation of the number 
of vessles shown. This shows that neither tomographic nor 
planar imaging is a reliable way of obtaining adequate
information on the number of vessels involved. This agrees 
with the results of other workers (McKillop et al, 1970, 
Rigo et al, 1980, Bodenheimer et al, 1980). No particular 
coronary artery gave more unreliable results than any other, 
and there was no improvement in the agreement when only
arteries with a stenosis of 70% were considered.
The images were assessed by two observers for the presence 
of ischaemic heart disease as described above. Table 5-5
sets out the responses in the various categories. The 
resulting ROC analysis is presented in Fig. 5-6 to obtain 
an overall sensitivity and specificity figure for the technique 
each observer was asked to make a specific decision in place 
of their equivocal responses. This gave a sensitivity,
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TABLE 5-3
Inter and Intra Variability for Infarct Detection Trial
A N ■f ,A N ■f
0 22 0 28
1 14 95* 1 9 95*
PI 01/02 2 3 10 0* 01 P1/P2 2 2 10 0*
3 0 3 0
PLANARS
4 0 4 0
0 28 0 28
1 1 1 10 0* 1 10 95*
P2 01/02 2 0 10 0* 02 P1/P2 2 1 1005
3 0 3 0
4 0 4 0
A N f A N ■f
0 19 0 31
1 16 85* 1 6 955
PI 01/02 2 3 95* 01 P1/P2 2 l 85*
3 1 3 1
TOMOS
4 0 4 0
0 25 0 2 1
1 8 85* 1 11 80*
P2 01/02 2 4 95* 02 P1/P2 2 6 955
3 2 3 1
4 0 4 0
KEY: 01 - Observer 1
02 - Observer 2
PI - Presentation 1 
P2 - Presentation 2
A  - Absolute Change in Response 
N  - Number of Changes 
•f - The Fraction of Responses 
less than or equal to A
TABLE 5-»
Agree
Planars
To within
10 U
Accurately 7 7
Tomos
To within 
1 vessel 13 6
Accurately 8 11
Relation Between One Observer's Interpretation 
of Number of Vessels Diseased and Arteriography 
Results.
TABLE 5-5
♦VE -VE
Actual Def Prob Equiv Prob Def
♦ve *3 30 0 6 1
-ve 0 4 0 16 20
♦ve 53 16 2 7 2
Tomos
-ve 2 4 5 20 9
Total Responses for Ischaemic Heart Disease
VE
RS
US
 P
RI
OR
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CA
N 
PR
OB
AB
IL
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Y 
P*
specificity and predictive accuracy of 83*, 83* and, 83* res­
pectively for tomograms and of 91*. 90* and 91* respectively 
for planar images.
The inter and intra observer variability was assessed using 
the same scoring system as for infarct detection. The difference 
in responses for the same image between observers and between 
presentations for the same observer were assessed again using 
the criterion that an absolute change of 2 or less was acceptable. 
The frequency of changes are given in Table 3-6 and shows that 
inter and intra observer variability was acceptable in over 
90* of the cases.
5.6 Discussion of the Results
The ROC curves for infarct detection show a clear difference 
between planar and tomographic images, (Fig. 5*5)• The tomographic 
results being less sensitive or specific than the planar as 
shown by the displacement of the tomographic curve away from 
the axes. The results for the planar images were very good 
with an overall sensitivity of 96* and specificity of 95*- 
The overall figures for tomography of 93* and 80* respectively 
reflect a significant ( p < 0 .0 2 ) reduction in the sensitivity 
and specificity which was seen in the ROC curves.
It is concluded that for the detection of full transmural in­
farction no improvement is obtained from the use of rotating 
slant-hole tomography. The use of rotating slant hole tomography 
for the detection and assessment of non-transmural infarcts 
and for the estimation of infarct size remains to be examined. 
In these aspects it may prove to be a superior technique to 
planar imaging.
For ischaemic heart disease detection, a loss of sensitivity 
and specificity was demonstrated in the responses to tomographic 
images compared to the responses to the planar images. The
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TABLE 5.6
Inter and Intra Variability for Ischaemic Heart Disease Dectecti-an Trial
A N -f A N -f
0 15 0 2 1
1 10 76% 1 12 1 0 0 %
PI 01/02 2 6 9“% 01 P1/P2 2 0 1 0 0 %
3 2 3 0
PLANARS
4 0 4 0
0 14 0 17
1 14 82% 1 10 79%
P2 01/02 2 2 91% 02 P1/P2 2 5 97%
3 3 3 1
4 0 4 0
A N •f A N f
0 16 0 20
i 10 79% 1 12 97%
PI 01/02 2 4 91% 01 P1/P2 2 1 10 0%
3 3 3 0
TOMOS
4 0 4 0
0 17 0 19
1 13 91% 1 9 85%
P2 01/02 2 2 97% 02 P1/P2 2 3 94%
3 1 3 2
4 0 4 0
KEY: 01 - Observer 1
02 - Observer 2
PI - Presentation 1 
P2 - Presentation 2
A  - Absolute Change in Response 
N - Number of Changes 
f - The Fraction of Responses 
less than or equal to A
ROC curves, Fig. 5-6 show this difference very clearly. The 
overall sensitivity and specificity for the tomogralns, 83% 
and 83% respectively, and for the planars 91% and 90% reflect 
this significant reduction (p<0.1). Rotating slant hole tomography 
did not improve the diagnostic capability of the Thallium scan 
for the detection of ischaemic heart disease.
The effect of this reduction can be gauged using Bayesian analysis 
(Hamilton 1979, Murray et al, 1981). Fig. 5.7 shows a plot 
of post-scan probability of having ischaemic heart disease 
(P+p) plotted against the prior scan probability (P*). If 
an improvement in P*p of 35% is taken as a reference, then 
it can be seen that the range of patient groups to which the 
test is useful is reduced. With planar scanning, patients
within a range of 0.55 of prior probability; between 0.07 and 
0.62 would benefit from the scan. This is reduced to a range 
of 0.28 (from 0 . 2  to 0.48) with tomography: a sizeable reduction 
and it is concluded that rotating slant-hole tomography does 
not provide any improvement in Thallium scanning for the detection 
of ischaemic heart disease. Moreover, it involves much more 
time and effort than obtaining a simple planar image.
Several authors (Kirch et al, 1978; Ritchie et al, 1981; Rizi 
et al, 1981, Tamaki et al, 1981, Maublant et al, 1982; Prigent 
et al, 1983) have reported results of comparative studies between 
planar and tomographic Thallium imaging. These studies involved 
the 7 pinhole collimator and rotating head ECT systems. Some 
of these results along with the results from this study are 
given in Table 5-7. Rizi et al, (1981) using a 7 pinhole LECT 
system, demonstrated an improvement in sensitivity from 75% 
to 94t in ischaemic heart disease detection. Specificity remained 
the same at 91%. Using a rotating head system, Tamaki et al 
(1981) reported an improvement in diagnostic accuracy for 
infarct detection to 94% compared to 81% for planar imaging.
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TABLE 5.7
Tomo Planar
MI Studies sens spec System sens spec
Ritchie et al 83 71 7ph 80 93
Tamaki et al 93 68 7ph 75 89
96 89 Bot. Haaii 75 89
Maublant et al 98 93 Rot. Head 89 93
Mills et al 93 80 RSH 96 95
IHD Studies
Rizi et al 94 91 7ph 75 91
Mills et al 83 83 RSH 91 90
List of Other Published Results of Comparative Trials for Thallium-201 
Scintigraphy.
Maublant et al, (1982) improved the sensitivity from 89% to 
98% by using a rotating head system, with specificity' remaining 
the same at 93%• The sensitivity and specificity results obtained 
from this comparative trial showed that rotating slant hole 
tomography was significantly worse than non-processed planar 
Thallium scintigraphy for the detection of both infarcts and 
ischaemic heart disease. This was not the general trend of 
the results shown in Table 5.7 from other comparative trials 
with tomography. This trial, however, obtained high values 
of sensitivity and specificity for planar scintigraphy, although 
the values lay well within the range of values obtained in 
other studies.
The general trend of high sensitivity and low specificity in 
the tomographic results (Table 5-7) suggests that contrast 
enhancement was having the same effect as has been shown for 
planar images (Massie et al, 1981; McKillop et al, 1980). 
Also, it appears that rotating head results are better in general 
than those for collimator tomography.
The improvement demonstrated by Rizi et al (1981) for detection 
of ischaemic heart disease with a 7 pinhole collimator LECT 
system has not been confirmed. Although studies with phantoms 
(Myers et al, 1983) suggested that both RHECT and LECT images 
would give an improved visulisation of contrast variations 
and hence improve ischaemic heart disease detection, no improvement 
has been demonstrated in this trial for a rotating slant hole 
LECT system.
5 . 7  The Influence on the Trial Results of False Myocardial Defects 
in the Tomograms of Normal Subjects
In order to examine the influence which the false defects had 
on the response of the observers, the normal group was divided 
into two sub-groups. One sub-group had tomograms which obviously 
contained false defects and the other had tomograms which did not.
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The responses of both observers to the two presentations for 
these two groups were combined and are presented in «Table 5-8 
for infarct detection and in Table 5-9 for ischaemic heart
disease detection. Visual examinations suggest that there
is a difference in the response distribution for infarct detection, 
but not for ischaemic heart disease detection.
In an attempt to quantify the difference, a distribution was 
fitted to the responses for the sub-group with no false defects. 
To achieve this a Poisson distribution was used by attaching 
a value of 0-4 to the response (with 0 for definitely -ve)
and calculating the mean response. Then the Poisson distribution 
for this mean value was used to generate an ideal response 
distribution. The X2 test was then used to examine the goodness 
of fit of the response distribution to this ideal distribution.
For infarct detection there was a significant difference at 
the 5% level between the distribution of responses for false 
defects present and false defects not present. Table 5-8 presents 
the ideal response distribution and the X2 values obtained
for the goodness of fit X2 test.
For ischaemic heart disease detection the difference between 
the sub-group was not so significant as for infarct detection, 
but p lay between 0.1 and 0.05. With infarct detection the 
false defects affected the response distribution by shifting 
responses away from definitely -ve, making the test less specific. 
With ischaemic heart disease detection, the presence of the 
false defects in both the stress and redistribution tomograms 
appeared to aid the observers in identifying these scans as 
normal and thus led to a significantly (p<0.05) better specificity 
with false defects present.
From this analysis it can be seen that the presence of false 
defects in the tomograms of normal subjects significantly affects
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TABLE 5-8
♦ve -ve
DEF | PROB EQUIV PROB DEF
FALSE DEFECT 
NOT PRESENT 1 5 6
POISSON DIST. 
FIT, X2 - 0.51*» 1.74 4.1 6 . 1
FALSE DEFECT 
PRESENT 7 13 8
POISSON DIST. 
PROJECTED TO 28 
RESPONSES, X2 » 6.02 
N ■ 2
k 9-6 14
Distribution of Resnonses to Normal Scans With and Without 
False Defects in the Infarct Detection Trial.
TABLE 5-9
♦ve
Def |prob Equiv Prob Def
FALSE DEFECT 
NOT PRESENT 4 1 5 2
POISSON DIST.
FIT, X2 - 2.99 - 3 2 .6 6 2.99 3.5“ 2.3
FALSE DEFECT 
PRESENT 3 4 14 7
POISSON OIST. 
PROJECTED TO 28 
RESPONSES, X2 - 7.38 
n » 3
6.217 6.97 8.26 5-*»2
Distribution of Responses to Normal Scans With and Without 
False Defects in the Ischaemic Heart Detection Trial.
the responses of observers in interpreting the results. There 
is a decrease in the specificity of the test for infarct detection 
and an increase in specificity for ischaemic heart disease 
detection.
The effect on the diagnostic performance of the test if the 
phenomenon of false defects could be overcome in LECT can be 
estimated by using the ideal response distributions generated 
above. For infarct detection the resulting ROC curves are
shown in Fig. 5.8. This shows that there would be no improvement 
in the diagnostic capability of Thallium-201 imaging compared 
to standard planar imaging.
Likewise, Fig. 5-9 shows the ROC curves anticipated for no 
false defects with ischaemic heart disease detection. This 
shows an even poorer performance for the technique than actually 
obtained.
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CHAPTER
6
EXPERIMENTAL AND THEORETICAL ANALYSIS OF THE 
FALSE DEFECT PROBLEM IN THALLIUM-201 LEFT MYOCARDIAL IMAGING
6.1 Overview of the Problem
In imaging the heart with a RSHLECT system, the ideal tomograms 
would represent slices through the left ventricle (LV) at 
right angles to the axis of the LV. This would require the 
collimator to rotate about the axis of the LV. Fig. 6.1 
shows that this would require a degree of tilt between the 
camera and the chest wall. This tilt pushes the LV up towards 
the apex and out of the reconstruction volume. To encompass 
the LV satisfactorily, the axis of the collimator rotation 
must be at some angle to the LV axis. Fig. 6.2. This angulation 
between the LV axis and axis of rotation results in false 
defects in the tomograms of normal subjects. Fig. 5-3- The 
trial described in Chapter 5 demonstrated that these false 
defects significantly affect the response of observers to 
the tomograms of normal subjects.
6.2 Left Ventricle Phantom
In order to examine the use of RSHLECT in cardiac imaging, 
a left ventricle (LV) phantom was designed and constructed. 
The phantom is basically two chambers with one sitting inside 
the other to form a wall, Fig. 6.3 and Fig. 6.4. Perspex 
defects can be inserted in the wall, along with a radioactive 
solution to simulate the uptake of activity in the myocardium. 
The phantom design is based on that by Williams et al, 1980, 
which although slightly oversized compared to an average 
left ventricle, has been used in other tomographic studies 
(Mueller et al, 1970; Gottschalk et al, undated). This design 
is more flexible, and easier to construct and use than the 
basic Williams et al, (1980) design.
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Fig. 6.1
UNSATISFACTORY ENCONPASSMENT OF THE LEFT VENTRICLE BY THE 
RECONSTRUCTION VOLUME
Fig. 6.2
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Reconstruction 
volume
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SATISFACTORY ENCOMPASSNENT OF THE LEFT VENTRICLE BY THE 
RECONSTRUCTION VOLUME

F ig. 6.4
EXPLODED LEFT VENTRICLE PHANTOM WITH DEFECT IN PLACE
6.3 Quantitation of Defects in Tomograms
A consistent method is used to quantify defects throughout 
the study. Fig. 6.5 shows a set of tomograms from the 
LV phantom with a perspex defect in position. A radial 
plot of the count density around the amulus may be obtained 
for such tomograms and a typical plot is shown in Fig. 6.6(a) 
This is crudply smoothed to obtain a histogram plot shown 
in Fig. 6.6(b). From this plot a normal band is chosen 
and the mean and standard error calculated. A signal, 
or defect is taken as being present, if, using a t-test 
criteria there is a value different from that which reflected 
the 99% confidence limit. Each tomogram from a recon­
struction is assessed to see if a variation in uniformity 
of the anulus is present. The variation in uniformity 
is quantified as the ratio of the lowest histogram value 
to the mean value. In choosing normal values some account 
is taken of the position of variations in adjacent tomo­
grams .
6.4 Variation in Uniformity due to True Defects in LV Phantom
To gauge the significance of the false defects, the uni­
formity variation due to true defects was examined. Two 
defects were both imaged seperately at depths of 70mm 
and 100mm from the camera face. One defect was 12mm 
deep and the other 45mm deep and both occupied a section 
of a nd Technetium-99m was the radioisotope used.
T he Technicare Sigma 420 RSHLECT system previously described, 
was used for acquiring and processing the images. The
phantom was imaged with its axis at right angles to the 
camera face to ensure no false defects were introduced. 
Fig. 6.7 and 6.8 show the variation in uniformity for 
the 12mm and 45mm defect respectively.
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Fig. 6 .6 (a)
serico

6.5 Variation In Uniformity Due to False Defects in LV Phantom
To assess the variation in uniformity due to false defects, 
the LV phantom was imaged without any defects present', but 
with the axis at \  and ^  to a line perpendicular to the 
camera face. Typical images of the resulting false defects 
are shown in Fig. 6.9. The uniformity variation with 
distance through the phantom is shown in Fig. 6.10. Also 
shown in this figure is the relative angular position at 
which the maximum uniformity variation in each tomogram 
occured. The maximum uniformity variation changed with the 
angle between the perpendicular to the camera face and the 
axis of the phantom. This change is shown in Fig. 6.11 which 
includes a result for an angle of 10° tilt to the camera 
axis. These results are similar to that of Hasegawa et al, 
1982. From this, it is clear that the uniformity variation 
for a false defect can be comparable to that for an actual 
defect.
6.6 Variation in Uniformity Due to False Defects in Ellipsoidal 
Phantom
To distinguish between the cylindrical and apical sections of 
the LV phantom and to simulate a left ventricle in a more 
realistic manner, an ellipsoidal phantom was constructed. 
This is shown in Fig. 6.12 along with a planar image to 
demonstrate that the wall can be filled with a radioactive 
solution. The uniformity variations for angulations of "% 
and %  are shown in Fig. 6.13. Also shown in this figure is 
the change in relative angular position of the maximum 
uniformity variations within each tomogram. This shows that
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the defect shifts from one side of the phantom to the other 
and the cross-over point is coincident with the uniformity 
variation change. This shows that the false defect is 
associated with curvature.
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6.7 Idealised Model and Computer Code to Simulate Reconstruction 
of Left Ventricle Phantom »
A model to represent the LV phantom is shown in Fig. 6.14. 
This is a grossly simplified object and is angled so that 
it co-incides with the collimator angle of 26.6*. This sim­
plifies the calculation to obtain the raysums for a four 
position or QUAD LECT system. Each volume element is given 
the dimension of 10 x 10 x 10 units and the projections calcu­
lated are set equal to the phantom volune intersected. These 
projections are illustrated in Fig. 6.15-
A reconstruction computer code was written for this QUAD 
LECT system based on the Iterative Least Squares Reconstruction 
Technique (ILSRT) as described by Budinger et al, (1974). 
A listing of this code is given in Appendix 7. Also given 
in this Appendix is the ideal plane distribution and the 
plane reconstruction after two iterations.
The ILSRT campares the estimated raysums calculated from 
the predicted activity distribution An (i, J) with the actual 
views of the object. This is expressed by
-  6.1
where is the variance of the actual projection 
is the actual projection 
is the estimated projection 
identifies the view
identifies the projection within a view 
is the activity distribution 
identify the activity element 
is the iteration
Q
k
A
and n
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Fig. 6.14
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The activity distribution is modified to minimise the difference 
between the predicted projection and the actual raysum. For 
the ILSRT this results in the calculation of increments using 
the equation.
-  6.2
where AA is the activity increment,
accounts for the proportion of the element contri­
buting to the raysum,
and is taken as being equal to The activity
increment is added on each iteration using
A”j - Ay - S„ a"A.0 - 63
where <Sn is a damping factor, necessary to get convergence 
of a solution.
The usual method to start iteration is to set all the predicted 
distribution to zero. This in turn sets all the predicted 
raysums to zero so that 6.2 becomes
¿ V f•¿ /¿ W f/« '
In the simple case of = 1  for all i, J and 0  this
gives
A Ac,j - - 6.5
Hence, for N * 4, 4 views and ¿j * 1.0, for the volume element, 
i, j which has raysums elements k in the A views^6.5
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becomes
4 = 1 ♦ _ 1_  ♦ _ 1_  ♦ _ 1_ 6.6
Ai,j í¡¡, f?i Ça S*
This is known as the "impedance operator" and has the effect 
of minimising the contribution of the most corrupted raysums 
to the first estimate of a volume element activity. The 
most corrupted raysum will have the highest numerical value 
of P ^ - P ^  and 80 will make the least contribution to the 
summation in 6.6.
In order to confirm that studying the idealised LV phantom 
model and the QUAD reconstruction program would give comparable 
results to those obtained from the Technicare HEX LECT system, 
the first approximations were compared. Fig. 6.16 shows 
two sets of activity profiles taken transversley through 
the first approximation tomograms from the QUAD LECT system 
with the idealised LV phantom and from the HEX system with 
the LV phantom. They have comparable variations in the distri­
bution with defects occurring in the same positions. This 
demonstrates that the QUAD and LV model phantom suffers 
the same problem in predicting activity distribution as does 
the HEX LECT system with the LV phantom.
The first approximation results indicate that defects are 
introduced in the tomograms from the very start of the recon­
struction. Fig. 6.17 shows the profiles which resulted after 
a varying number of iterations following the first approxi­
mation. These show that the distributions remain virtually 
the same and the iterations make no corrections for the defects. 
In Fig. 6.18 the variation in the difference between predicted 
and actual projections as expressed by
6.7
e
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Fig. 6.16
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Fig 6.18
VARIATION IN THE DIFFERENCE BETWEEN PREDICTED AM) ACTUAL 
PROJECTIONS WITH NUMBER OF ITERATIONS
Iteration
is plotted. It can be seen that a limit has been achieved 
by about 5 iterations. However, as Fig. 6.17 sftiows, the 
predicted distribution does change. Fig. 6.19 shows that
up to 5 iterations the relaxation coefficient oscillates 
in a damped manner towards a final value and beyond this 
number of iterations it then oscillates. When an ideal activity 
distribution is used as a first approximation, the subsequent 
iterations alter this distribution slightly as shown in Fig. 
6 .2 0.
The overall conclusion from using this ideal model and the 
reconstruction code is that false defects are introduced 
from the very start of the reconstruction and that the sub­
sequent iterations have no effect on their enhancement or 
their correction.
6.8 Effect of the Relative Size of the Raysums on the Defects 
Due to the Uniformity Variation
The relative size of the raysums will alter the first approxi­
mation to the activity distribution. Fig. 6.21 illustrates 
the ideal viewing situation with no angulation between the 
camera and the phantom axis. The approximations which result 
using the impedance operation are equal and hence
indicating no uniformity variation. Z1 and Z2 are the activity 
predictions shown in Fig. 6.21. Fig. 6.22 illustrates an 
angled cylinder. The degree of corruption is altered between 
one side of the cylinder and the other so that the ratio 
of predicted activities is not equal to unity. This suggests 
that the ratio would be a function of three variables; attenu- 
tation (fi), degree of angulation (0) and the angle the col­
limator makes with the horizontal, (0). The ratio may be
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VARIATION OF RELAXATION COEFFICIENT WITH ITERATIONS
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THE RAYSUMS RESULTING FOR AN IDEAL VIEWING DIRECTION 
NO ANGULATION BETWEEN CAMERA AND LV AXIS
Fig. 6.22
written as
f, * 1 - f (»,«■/■ ) - 6 - 9
and hence the uniformity variation expressed as a fraction 
of the maximum value, can be written as
*  > - 6.10
By inspection of fig. 6.22, it can be seen that as the 
angle 0 decreases, that is the collimator angle increases, 
the value of j k  ) will increase so that the ratio
will decrease. Likewise, as j k  increases f ) 
will increase and again will decrease. However, as the
angulation f  is increased, f(€,^,yu ) will decrease so that
the fraction expressed by 6.10 will decrease. However the 
results shown in fig. 6.11 indicate that the opposite actually 
occurs with increasing angle of tilt.
To increase the attenuation coefficient, the LV phantom was 
imaged while surrounded in powder plaster which has a high 
attenuation coefficient compared to air. Fig. 6.23 shows 
the variation in uniformity compared to that for air and 
indicates that there is no difference.
A large feild of view Technicare LECT system was used in order 
to decrease f .  This system has a collimator angle of 35°. The 
uniformity variation expressed as ^  is shown in fig. 6.24 
and indicates that the ratio increases with increasing collimator
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Fig. 6.24
VARIATION IN UNIFORMITY WITH DEPTH AND COLLIMATOR ANGLE FOR LV 
PHANTOM WITH ITS AXIS AT TO THE CAMERA AXIS
angle rather than decreasing. These results imply 
that consideration of the relative size of raysums 
along is not sufficient to explain the false defect 
problem.
6.9 Effect of First Approximation Technique on the Uniformity 
Variation
The first approximation technique used to obtain the 
distributions studied in the previous sections is 
the impedance operator. Whatever technique is used, 
the basic projection data related to any volume 
element remains the same. A valid technique to obtain 
a first approximation and satisfy the condition that when 
a raysum is zero, there is no activity in the volume 
element, is simply to muliply the raysum values together. 
Fig. 25 shows
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Fig. 6.
TRANSVERSE PROFILE ACROSS THE FIRST APPROXIMATIONS OF A SINGLE 
TOMOGRAM OF THE THEORETICAL LV USING THE IMPEDANCE OPERATOR 
AND MULTIPLICATION TECHNIQUES
two profiles for the same tomogram, one obtained using 
the impedance operator and the other by multiplication 
of raysums. These show that the relative distribution 
of activity is not altered. Hence, the basic data available 
for the first approximation makes the introduction of 
uniformity variations unavoidable.
6.10 Analysis of the False Defect Problem Using the EVI Technique
The EVI technique identifies the direction in which there
is the greatest difference between a plane object and
the reconstruction volume. For the RSHLECT system used 
in the experimental work described above, this direction 
is at right angles to the camera face (Chapter 3, Ft. 3) • 
For the QUAD LECT system used in the computer simulations 
described above, it also lies in this direction (Chapter 
3, Pt. 2, Table 3-3) • This identifies the maximum error
volume for both systems as a plane object parallel to
the camera face.
The LV phantom can be considered as the summation of 
separate planes. Each one of these planes will have 
a reconstruction volume particular to the size and orien­
tation of the plane. If the direction of the planes 
are parallel to the direction of the maximum EVI, then 
their reconstruction volume will have the maximum error 
for that viewing system. Appendix 7 shows that for 
the impedance operator, the prediction of activity at 
a point within a stack of planes is equal to the summation 
of the predictions at that point for the individual planes. 
Although the activity distribution in the LV is not uniform, 
the summation of the maximum error volumes will indicate 
where enhancement from under and overlying planes occur.
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Fig. 6.26 shows the LV phantom at an angle to the camera face 
and divided into a set of planes parallel to the camera face. 
Likewise, Fig. 6.27 shows an outline of a typical LV also 
divided into a set of planes parallel to the camera face. 
The sampling frequency was chosen artbitraly, but large 
enough to give reasonable resolution of the LV and LV phantom 
edges. The simulation of the reconstruction of the planes 
are given in Appendix 6. In the s imulation of the 
reconstruction, an activity value is not given. Since the 
actual plane activity will vary from object to object, a 
volume element is merely shown to be set, that is, to have 
activity.
The overall reconstruction planes resulting from the 
summation of the individual reconstructions for the LV 
phantom and the LV are given in Fig. 6.28 and 6.29 
respectively. These show clearly an enhancement of predicted 
activity towards one side of the tomograms for both the LV 
and the LV phantom. This enhancement on a side of the 
tomogram results in a false defect on the opposite wall as 
has been observed experimentally and clinically. Hence, the 
false defect is a fundamental problem with these LECT 
systems. It arises in the reconstruction because of the 
propagation of activity into a volume not occupied by the 
object. Although this propogation also arises when the LV 
or LV phantom is symmetrically orientated to the camera it 
does not produce any enhancement of activity in one side of 
the wall as compared to the other.
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6.11 Explanation of Ellipsoidal Phantom and Increased Collimator
Angle Results Using Superposition ,
In Section 6.6 experimental results with an ellipsoidal 
phantom were presented. These showed, Fig. 6.15 that with 
angulation, the false defect showed periodicity with depth 
and moved from one side of the phantom to the other. Fig. 
6.30 shows an angulated ellipsoidal phantom divided into a 
set of parallel planes. Shown also is the outline of the 
reconstruction volume for each individual plane. This shows 
that there is an e n h ancement on one side of the 
reconstruction. This enhancement changes to the opposite 
side with depth and decreases through the vertical plane of 
the reconstruction showing the periodicity observed in the 
experimental results.
Fig. 6.24 showed that for an increase of collimator angle the 
degree of uniformity variation was reduced. The system used 
to obtain these results was a 35° rotating slant hole LECT 
system. Using the EVI analysis, the maximum EVI for this 
system is 0.819 and the maximum reconstruction error volume 
arises for a plane object parallel to the camera face. The 
maximum reconstruction error volume takes the form of a 
double cone, the bases of which are coincident in the plane 
object and have an included angle of 2.eos“1 (EVI) which 
equals 70°.
Fig. 6.31 illustrates the difference between the maximum 
reconstruction error volumes for the 25° RSHLECT system and 
the 35° RSHLECT system, when the same plane object is imaged. 
It illustrates that the degree of penetration into adjacent 
planes is reduced by the increased collimator angle system.
- 9 0 -
Enhancement due to
Cam era
ELLIPSOIDAL PHANTOM WITH ITS AXIS AT AN ANGLE TO THE 
CAMERA AXIS AND DIVIDED WITH PLANES PARALLEL TO THE CAMERA 
TO SHOW THE PENETRATION OF ACTIVITY INTO ADJACENT PLANES
Fig. 6.31
OUTLINE OF MAXIMUM RECONSTRUCTION ERROR VOLIMES FOR A 
2S° RSHLECT AND 35® RSHLECT SYSTEMS

CHAPTER
7
PROBLEMS IN THE USE OF LECT FOR 
CARDIAC BLOOD POOL IMAGING
7.1 The Cardiac Blood Pool and LECT
The aim in using Tomography of either the rotating head 
or longitudinal type for cardiac blood pool imaging is 
to obtain improved visualisation of the inferior and posterior 
surfaces of the left ventricle (LV). These surfaces cannot 
be adequately assessed by planar imaging and thus tomography, 
by removing the over and under lying activity, improves 
the visualisation of these surfaces. LECT is an attractive 
technique to develop as a blood pool imaging system because 
it requires images from only a few directions. Hence, 
there are fewer images to be acquired compared to a RHECT 
system. Also, with a 7-pinhole LECT system all the images 
are acquired simultaneously, making operator intervention 
between images unnecessary. This reduces the risk of relative 
motion between the camera and the patient during the acqui­
sition of the images.
The LV blood pool may be considered to approach the shape 
of a solid ellipsoidal object. The activity is uniformly 
distributed throughout the volume. Both of these features 
make the LV blood pool a simple object to image in contrast 
to say, Thallium-201 perfusion imaging, where a hollow 
object of non-uniform activity distribution is being imaged. 
The main problem with a LECT reconstruction of the LV blood 
pool is the incorrect prediction of object volume giving 
rise to the propagation of activity into regions where 
it does not exist. If a correct volume boundary can be 
generated then, since the blood pool has a uniform activity 
distribution, the detected activity can be distributed 
uniformly within that volume.
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The direction of the greatest error volume propagation 
for any LECT system can be determined using thè EVI as 
previously described (Chapter 3)- The maximum error volume 
will be for a plane object with direction parallel to that 
of the maximum EVI. As previously described, any object
can be considered as a summation of planes. The actual 
extent of the error propagation depends on the size of the 
plane and on the angle given by cos * (EVI). For an object 
with a curved surface, the indeterminate volume for that 
object begins to exist when the curvature equals the gradient 
given by the angle cos”* (EVI). This can be demonstrated 
by considering a sphere. The depth d, along the direction 
of maximum EVI beyond which the reconstruction volume is 
indeterminate is given by
d = R sin(cos *(EVI)) - 7.1
where R is the radius of the sphere. Fig. 7.1. Fig. 7.1 
also shows the boundary of the reconstruction of a uniform 
sphere using a QUAD (26.6* ) LECT system for which the maximum 
EVI is 0.89** in a direction perpendicular to the camera 
face. The level, or plane at which the error volume for 
the object begins and the ideal boundary for the object 
are shown in Fig. 7.1. This chapter examines the relationship 
between the activity prediction in the error volume and 
the object shape. An attempt is made to obtain a better 
approximation to the reconstructed shape for ellipsoidal 
objects with a uniform activity distribution.
7.2 The Extent of Propagation on a RSHLECT System
As described above , the problem in the use of LECT for 
cardiac blood pools is the propagation of activity in 
the reconstruction into regions where there is no activity.
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Fig. 7.1
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In order to assess this problem in an actual LECT system, 
a reconstruction of an ellipsoidal phantom was rtlade with 
the RSHLECT system described in Chapter 4. The ellipsoidal 
phantom is shown in Fig. 7.2. The central pool was filled 
with a uniform solution of Technetium-99m. Three point 
sources were made by placing minute drops of Technetium- 
99m solution on absorbent bench paper. These three sources 
were then placed in a line at regular intervals of 30mm 
so that they were coincident with the top, bottom and middle 
of the ellipsoid. The coincidence between the ellipsoid 
and the point sources is demonstrated by the profiles shown 
in Fig. 7.3. These profiles were taken from a planar image 
of the sources and ellipsoid together. The variation in 
the peak counts for the points is due to slight differences 
in activity. The variation in the profile counts through
the phantom reflects the variation in the cross section 
of the pool. This was due to the crude construction of
the ellipsoid shells, however, the profile does indicate 
the extent of activity within the pool in the direction 
which was perpendicular to the camera face during the 
acquisitions. This direction corresponds to that of the 
maximum EVI for this system.
Six rotating slant hole images were taken for both the 
ellipsoid, with its long axis perpendicular to the camera 
and for the point sources, with their line also at right 
angles to the camera face. Each image contained a total
of approximately 300,000 counts. Reconstructions of both 
the ellipsoid and the point sources were made with a plane 
starting depth of 70mm and a 15mra spacing between the planes. 
Twelve planes and two iterations were used.
The central axis profiles through the resulting reconstructed 
planes are presented in Fig. 7.4. It is clear that the 
plane frequency was insufficient to resolve the point sources 
and they appear as a line source of varying activity.
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However, since for point and line sources their reconstruction 
volume is correct, the extent of the profile can be taken 
as correct. In contrast, the extent of the ellipsoid phantom 
profile exceeds the limit of point sources considerably.
It therefore exceeds the boundary of the ellipsoidal object. 
This demonstrates on a LECT system how there will be a 
propagation of activity into volumes of the reconstruction 
which are not occupied by the cardiac blood pool being 
reconstructed.
7.3 Reconstruction of a Uniform Activity Distribution
In Appendi* 7 it is shown that at a point deep within a 
stack of planes, the predicted activity is equal to the 
sum of individual predictions at that point for each plane. 
This is for the impedance operator and holds only for a uniform 
activity distribution. Although this summation breaks down 
at the edge of the reconstruction volume, the result suggests 
that it may be possible to strip activity from the first 
prediction of an object. In order to do this, the maximum 
plane width would be found and the penetration associated 
with this plane calcluated. The prediction would then be 
corrected by subtracting the activity within the penetration 
volume. By continuing this process for the adjacent planes 
the initial prediction would be corrected. To examine this 
concept, and to eliminate the planes which actually contain 
no activity a single plane and a stack of three planes are 
considered. A simplified plane of 5 elements radius is
used. This plane is shown in Fig. 7 -5a with activity a 
per element. Also shown is the series of reconstructed 
planes and the activity values for a QUAD (26.6*) LECT system. 
Fig. 7.5b. Fig. 7.6. shows the impedance operator prediction 
and Fig. 7.7., the summation prediction for a stack of three 
single planes.
It is clear by inspection that although the predicted activity 
agrees well at a point deep in the stack, there is very 
poor agreement towards the edge of the reconstruction volume.
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Fig. 7.8 presents a radial variation of the ratio of the 
impedance operator prediction to the summation. .This shows 
that at some points the ratio is as great as a factor of 
2.0. The good agreement between the summation and the 
impedance operator prediction at the centre of the stack 
should allow the number (n) of planes in the stack to be 
obtained from
I * n.1.68.a 7.2
Where I is the impedance operator prediction and the factor 
of 1.68 is particular to the QUAD (26.6*) LECT system.
In order to obtain the number of planes n, or indeed to 
strip a planes propagations from the reconstruction, the 
activity a has to be obtained. This would have been possible 
to calculate for a maximum radius plane amongst the stack 
using
El
r z
-  7.3
Where El is the impedance operator prediction at the edge 
of the widest plane and the factor of 1.6 is particular 
to the QUAD (26.6*) LECT system. However, the large variation 
at the edges between summation and impedance operator prevents 
this. The fundamental problem in using the result of Appendix 
7 is that to strip activity or to estimate the number 
of planes in a stack, the density of activity is required. 
As it is impossible to obtain a sensible estimate of this 
it is not possible to correct the activity prediction by 
this means.
7.4 Variation of Central Axis Activity Prediction for Simple 
Objects and Its Use for Error Volume Correction
The variation of activity along the direction of maximum
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SUIMATION TECHNIQUE FOR FIRST PREDICTION FOR THREE PLANE STACK
EVI should contain, for a uniform activity distribution, 
information about the number of planes which actually contain 
activity. This may be illustrated simply by considering
the range of objects between a single plane and a top which 
can exist within the maximum error volume for a system.
Fig. 7-9 illustrates the range of symmetrical objects which 
can crudely be considered to exist in the maximum error 
volume. Let 1 be the radius of the central plane.
n the number planes in addition to 1/2 
and m the number of planes up to 1/2
For a QUAD (26.6*) LECT system it is possible to estimate 
the impedance operator predictions at points A and B; the 
centre and extremity respectively of the reconstruction 
volume.
The relationship between an image element and a volume element 
is illustrated in Fig. 7-10. The predictions at A and B 
are obtained from
to a volume element activity prediction.
a1 - a^ are the direct raysums, while b^ - b^ are the 
peripheral contributions.
E = 3 ♦ n.0.125
0.752 ♦ 1 *
*3
- 7.«
Where E is the impedance operator prediction
n is the number of adjacent raysums contributing
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Fig. 7.9
RANGE OF SYMtETR I CAL OBJECTS WHICH CAN BE CRUDELY CONSIDERED TO 
EXIST IN THE MAXIMUM ERROR VOLUME
Volume element
/ / /
/<? / //
ifée'
RELATIONSHIP BETWEEN A VOLUME ELEMENT AND
For point A, n = 8 while for point B, n > 6.
Table 7.1 details the ratio (A/B) of the predictions at 
A and B for the range of objects shown in Fig. 7.9. This 
illustrates that an object shape can be identified from 
the A/B ratio and the radius 1.
These are very crude rules derived for ideal distributions 
of activity with respect to the viewing angle. In reality, 
and particularly with reference to an ellipsoidal shape, 
the prediction becomes very different. The problem is again 
associated with the predictions at the edge of the recon­
struction volume, as at points B and C in Fig. 7.11 which 
illustrates an ellipsoidal object. The value of these pre­
dictions is dependent on the amount of intersection between 
a raysum and the edge of the object.
Since the LV can be considered as ellipsoidal in shape, 
the variation in the ratio A/B can easily be assessed by 
considering the prediction and consequent A/B ratio for 
an ellipse. Fig. 7-11 shows the model used to calculate 
the ratio and the program for its calculation is given in 
Appendix 8- Figs. 7.12 and 7.13 show the variation of
the ratio with changing ellipsoid and different sized spheres 
respectively. These show discontinuities in the ratio which 
would make it impossible to use this ratio to determine 
the true extent of the object within the reconstruction 
volume. Fig. 7.13 shows the variation with sphere radius
varying through 7 units. This corresponds to the sphere 
used in the QUAD (26.6*) simulation used previously. The 
predicted ratio of 6.5 corresponds well to that obtained 
from the simulated reconstruction of 5-6.
However, the variation of the ratio for a radius of just 
less than 7 units illustrates how variable this ratio is 
for small changes in radius.
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TABLE 7.1
A/B
OBJECT SHAPE 
(SEE FIG. 7.9) COMMENT
EITHER
SINGLE PLANE UNLIKELY
OR
FULL TOP REASONABLE
EITHER
VERY THIN OBJECT UNLIKELY
OR
TRUNCATED CONE 
DEPTH 1/2 ♦ n
CALCULATE n 
USING
A * 2.1/^1 ♦ 2nj
2 TRUNCATED CONE 
DEPTH m
TAKE m = p/2 AS 
THE BEST ESTIMATE
Ratio of the A & B predictions of activity for the objects 
shown in Fig. 7.9.
Fig.7.11
MODEL USED TO CALCULATE THE RATIO A/B FOR AN ELLIPSE

There is a large change in the ratio (A/B) caused by the 
variation in the intersection between the objects «edge and 
the appropriate raysum. This prevents a simple assessment 
of the predicted activity being used to estimate the number 
of planes in the error volume which should be included in 
the reconstruction.
7.5 Error Volume Correction by Examination of the Reconstruction 
Volume
In the previous two sections the two obvious techniques 
to determine the extent of the object in the error volume 
have been examined. These do not offer a solution to the 
problem of correcting the reconstruction volume. The activity 
prediction in the error volume is dependent on the object 
shape and the prediction technique. With the impedance 
operator, the is no relation which gives a unique correction 
to the error volume. On the other hand, for a curved object, 
the beginning of the error volume can be determined from 
curvature and viewing angle. Since the object is curved, 
as for an ellipsoid, the object is known to extend into 
that error volume. Fig. 7.14, although the amount by which 
the object extends is unknown. If the LV is assumed to 
be ellipsoidal, then some reduction in the error volume 
should improve the reconstruction volume.
The error between the predicted and corrected volume compared 
to the object volume can be easily calculated for a simple 
hemi-ellipsoid with a chosen error volume reduction. Using 
the same ellipsoid model as described in Appendix 8. the 
co-ordinates of the tangent (X^ ., Y^ .) to the ellipsoid was
obtained along with the distance of the error volumes pro­
pagation (Yj), Fig. 7.1^. The extent of this propagation 
was reduced to YR
Where YR * YT ♦ (Yj - Yx > / f - 7-5
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Where f is an arbitrarily chosen factor. The error between 
the predicted/corrected and object volume is shown in,Fig. 7.15 
for a minor axis of 7 and 50 and f * 2. This shows that 
the volume error decreases quite rapidly from a spherical 
object and that there is little difference in the error 
with minor axis.
This reconstruction correction technique would need to be 
reversed in a reconstruction program. Also, the factor 
f which was 2 above could be chosen to reduce the error 
even further over a range of chosen major: minor axis ratios. 
To reverse the correction technique, the plane with the 
greatest radius would be obtained. The plane Pj corresponding 
to the distance of propagation Yj is then obtained, all 
by inspection. From the viewing angle, the radius at which 
a tangent occurs is also found. This radius corresponds 
to ^  and the plane (PT > containing the closest radius to 
will be assumed to lie where the error volume begins. 
The number of planes in the reconstruction between PT and 
Pj is reduced by a preselected number and the recon­
struction allowed to continue.
This correction can be built into a reneonstruction program. 
As an example, the QUAD (26.6*) LECT reconstruction program 
of a sphere was modified to calculate this correction. Appendix 
9. The factor f in equation 7.5 was set to 3-2 which 
decreases the error in reconstruction volume for near 
spherical objects. The details of the correction are listed 
in Table 7.2.
Fig 7.16 shows transverse 
profiles across the tomograms compared to the ideal distri­
bution and the predictions obtained using the standard QUAD 
(26.6*) system. Although the activity prediction is still 
incorrect, the distribution of activity is better and the 
reconstructed volume is improved.
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Fig. 7.15
VARIATION IN THE ERROR BETWEEN TRUE AND CORRECTED OBJECT 
VOLUME, FOR A SIMPLE ERROR VOLUME CORRECTION TECHNIQUE
TABLE 7.2
PLANE RADIUS MAX
RADIUS
P MAX p i "t
1
2
3
4
5
6
7
8
9
10 
11 
12 
13
2
3
4
5
6 
7 
6 
5 
4 
3 
2 
1 
0
7 . 6
7
12
»Yj - 12 - 6 - 6 .  Y ■ 7 - 6 ■
• Y  - 1 ♦ (6 - 1} - 2.56
3.2
» PR - 8, TO NEAREST PLANE
=> USE PLANES 4, 5, 6. 7 8.
Details of reconstruction volume correction for QUAD (26.6 ) 
LECT reconstruction of a sphere.
26 6 Quad Corrected Quad
7.6 Conclusion
Although the LV blood pool is a simply shaped object with 
uniformly distributed activity, it is not straightforward 
to correct the reconstructed activity prediction. However, 
due to its curved shape the pool permits the error volume 
to be decreased though not entirely elimimated.
Problems in implementing this correction in a real system 
may arise from the identification of the tomogram boundary. 
Also, the irregular pool boundary within a tomogram may 
make radius measurement difficult, particularly with areas 
of akinesis and diskineses of the wall. Also, the fact 
that a gated blood pool study will contain several frames 
of the pool at different extents of ventricle contraction 
means the correction will need to span a range of shapes. 
All the reconstructions for a single study will have error 
volumes associated with them, both before and after correction. 
The error volume will be reduced, but it may still conceal 
or inadvertently introduce an abnormality into the scan.
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CHAPTER 8 
CONCLUSION
Longitudinal emission computed tocography (LECT) appears to 
suffer fron a basic problem: the area of intersection of back 
projected rays suggests that an object's volume may be exag­
gerated. A volume external to the true object volume is gen­
erated as part of the reconstruction volume and the size and 
shape of this error volume is dependent on the LECT system 
and the size of the object. Fron this the concept of an error 
volume and an associated error volume index (EVl) arises. 
This index quantifies the error in a LECT system and permits 
the intercomparison of systems. The consequences of mod­
ifications to systems by the alterations or addition of views 
can also be assessed using the EVI
The physical performance of LECT systems are very comparable. 
However, the inter planar resolution and the predicted plane 
position are very dependent on the frequency (m"1) of planes 
used in the reconstruction. The plane frequency should be 
made as high as possible, up to a limit determined by the 
sampling frequency in the image, and the viewing angle of the 
system.
In Thallium-201 perfusion imaging, rotating slant hole (RSH) 
LECT shows no improvement over planar imaging for either 
infarct detection or ischaemic heart disease detection. The 
effect of the error volume in the reconstruction is to 
produce artefacts in the tomograms when there is angulation 
between the camera and the left ventricle (LV) axis. These
artefacts appear as defects In the m y o c a r d i u m  and 
significantly affect the diagnostic performance of the test. 
In cardiac blood pool imaging, the prediction of activity in 
the error volume distorts the reconstructed blood pool. It 
is not possible to correct the reconstruction volume which is 
generated with the iterative least squares reconstruction 
technique (ILRST) using the prior knowledge of uniform 
activity distribution. However, the error volume can be 
reduced by assuming the LV is an ellipsoid and applying a 
suitable correction.
Positive opportunities still exist in LECT cardiac Imaging. 
Gated blood pool LECT has still to be evaluated fully and the 
simple correction mentioned above can be used to reduce the 
error volume in a clinical trial. The possibility of 
developing an alternative predicting function which will 
permit the correction of the reconstruction volume for a 
uniformly distributed object activity should be examined. In 
Thallium-201 perfusion, the non-uniform activity distribution 
is not suitable for correction. There is no point in 
continuing to use the present types of LECT system in this 
application, and additional views should be employed to 
reduce the error volume. The practical advantage of adding 
views has been demonstrated by Koral (1982, 1984). However, 
a single additional planar view would be a simpler addition 
than that of Koral and would give as good a reduction in the 
error volume. Although the activity prediction will continue 
to be Incorrect, the error volume will be reduced and the 
clinical consequences of this should be evaluated.
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APPENDIX 1
ITERATIVE LEAST SQUARES RECONSTRUCTION TECHNIQUE 
C flLSRT) PROGRAM FOR A (26.6°) QUAD LECT SYSTEM » )
WITH SIMULATED 28 x 28 MATRIX VIEW DATA OF A SPHERE
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APPENDIX 2
• V PROGRAM TO DETERMINE MAXIMUM ERROR VOLUME DIRECTIONS AM) ERROR VOLUME INDEX (EYI) FOR UP TO 15 VIEWING
DXRKCTTOMS.TmCTTO
:o:- c g »~ f n  r n x m  »  < t n t  c i  > i r o n  /  i r o  
io ', i .'¿p i jt  - i n p u t  n 3 .  o f  v e c t o r s  " in s  p r i n t  
;5 r o n  .j = 1 t o  n
M l  i n p u t  "  X • Y . 7 " t  X ( J> .  Y(.J5 .  7 (.J>
355 NEXT J  
33&X «  1
40; “ Of? I »  1 TO N -  l  
¿0- FOR 0 = 1  M  TO N
4?<r,t *  x : n  *  x c j > :C 2  «* y c t i  *■ v f . n s n o  -  7 ; r >  +■ z r . j i  
- , r o  = OCR (1)1 ~ 2  152 ^  2  + TO ~  2 )
¡ f - f P l i . X )  «  n t  /  0 : P ( 2 . S O  -  0 2  /  O J P fO .fO  = n o  /  o  
:7 iV 'M  »  X C I) -  X ( . ! )  s 0 2  -  Y ( T 1 -  V f . 1 1 *0 3  «  7 f 7 1 -  7 ( 0 )
T . i  O «  OCR : 01 ~  2 ♦ 0 2  *  7  *■  0 0  ~ 2 »
170 m t . K )  »  31 / Os M { 2»  K > »  32 / 0 * M !3 «K i - 0 0 / 0
130 X -  X  *  1
;Af> NEXT J
150 NEXT T
ISO K9 -  K -  1
TOO FOR K = l  TO K9
<10 0 5  »  tr»:M 5 -  10
2 2 0  FOR J  -  t  TO N
230 C 5  «  P ( t . K )  *  XCJ> ♦ P J 2 .K 1  k Y (J 1  *■ P f S .K l  *  7  f ..J 5 
740 C 3  -  ASS ( 0 5 )
750 T ?  C 5  <  P5 THEN P 5  «  C5
¡ZAO (55 -  n i l . K !  *  X ( . l )  *■  M C 2 .K )  *  Y ( , n  ► M<3 .SO »  7 f . l l  
770 C 5  -  ABS ( C 5 )
730 I F  I5!5 C PS| THEN « 5  -  C5 
790 NEXT .J
COO P i  A .S O  = FN TR;c : P 5 )  =  FN TRKCM3)
ntO NEXT K
400 P R »  1 :  TEXT :  P R IN T
410 P R IN T  "  MAX ERROR VOL DIRECTIO N S AND F V 7 "*  P R IN T  
470 P O IN T  TAllf l  J 1 "O IRFO TTO N "
4.10 P O IN T  TAB( A 3 > "E V T "
440 PO IN T ” X V 7 "
4$0 PO IN T
4*0 POO Si a  1 TO K9
470 P O IN T  FN TO lifPC  1 ,k 'J  ) .  FN TOli t P ( 2* SO 1 .  FN TRSff P ( 3 . » 0  ) ,  TATI f 5 2 1 P f 4 . l f
a  i
490 P O IN T  FN T O K f M f l .S O ) .  FN “ R»i f « (  2 .  lO  1 . FN TOS< C M ( 3 .  SO ) . TAR? 3 ? lM . '4 .1 i  
V 1
500 NEXT VC
5 10  P O IN T  -  END"
550 P R »  O 
'.00 END
1
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ILSRT PROGRAM FOR A (26.6°) QUAD PLUS ONE PLANAR (+1) 
VIEW LECT SYSTEM
APPENDIX 3
- 110-

sS ss»

1


s
I
;> 1


-> 1
I



s
t
> J

APPENDIX 5
ILSRT PROGRAM FOR A (26.6°) QUAD LECT SYSTEM WITH 
SIMULATED 14 x 14 MATRIX VIEW DATA FOR A LEFT VENTRICLE 
(LV) PHANTOM
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APPENDIX
6
RECONSTRUCTION OF INDIVIDUAL PLANES FRON LV PHANTON AND LV 
SHOWN IN FIG. 6.26 AND FIG. 6.27 (b) RESPECTIVELY
P lan e  1 P la n e  2
L e ft  V e n tric le  
Phantom
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P la n e  4




Le ft Ventricle
Plane  5 P lane  6
- V
P la n e  7 P la n e  8
P lan es 10 & 1t

APPENDIX
7
FIRST PREDICTION USING IRLST FOR SINGLE AND MULTIPLE 
PLANES.
Fig. A10.1 shows a summation of planes all containing 
uniform activity distribution.
From the IRLST, Budinger 1 9 7 the first prediction 
for the single plane and for a number of planes is 
given by
and single plane respectively.
0 identifies the view «nd k the pixel.
and is the factor associated with any voxels.
The summation of the activity at the point i;j
and
appropriate to the summation
is given
where m identifies plane
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rii • “ Si * "Py
This is the case for volume elements close tfo the 
central axis in a regular object, e.g. a cylinder. 
However, towards the periphery, the relation 
does not hold and
l‘y  * i  ^  n» /  ' » l
" ^  ■ $ I iy ■ "*» /?• ]
“y • v  [ ij /B i} ^
and only if n^e = n does i l l  . . .
“a
Thus the summation holds at the centre of the object 
volume but not at the periphery of the object volume.
ELEVATION OF SUIWATION OF PLANES WITH UNIFORM 
ACTIVITY. EACH PLANE IS DIVIDED INTO DISCRETE 
VOLUME ELEMENTS
APPENDIX
8
CALCULATION OF THE RAYSUMS THROUGH THE CENTRE OF 
AND AT THE TANGENT TO A HEMI-ELLIPSOID
Fig. All.1 shows the cross section of an object, 
composed of two hemi-ellipsoids with points at which 
predicted activity can easily be located. Point 
A is at centre of maximum plane radius. Point C 
and B are at the extremities of the reconstruction 
volume.
All. 1 Use of Ratios to Estimate Object Volume
AL * AL. ♦ AL­ ZI = AL, and A * AL-
"  T 1 r* T 2
ft ■ - 1 ft - ik, ♦ Ht2
where AL, ALJ and ALj are the predictions based on 
the lengths L, Lj and L2 shown in Fig. All.l 
B and C are the predictions at points B and C 
Z?( and are the ratios calculated for a range
of known hemispheres.
and p  are the measured ratios.
r' f t ' f t ’  c *'B-/5
solved
then
Pc * Pi * c/0 -/,i which can 
obtain p t and p t and hence the shape of the hemi- 
ellipsoid.
All.2 Calculation of Central Length
The central length, L is found by obtaining the point 
of intersection between the ellipse edge and a line 
at the appropriate collimator angle, Fig. All.2.
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where the equation of the ellipse is x* ♦ jr* - 1.
a* b*
and the intersecting raysum has 
equation y = gx.
All.3 Calculation of Central Prediction
For a QUAD (26.6*) RSHECT system, the first prediction 
using IRLST, and the uniform activity is given by
AL = ---- ------------ :—  where cX ■ the activity.
0.75* -H ♦ 0.125 •§
at o
In this case the activity is taken as proportional 
to the area so ct. * L.cos8, see Fig. All.2 
=* AL ■ 1.6842.L cos0.
All.1» Calculation of Tangent Area
For the construction illustrated in Fig. All. the 
tangent position is given by
xt = a / (1 ♦
a* g*
The function of the parallel line to the tangent 
is found by calculating the constant K for its linear 
equation.
K * g [INT (xt)] * *
Where INT (x^ is the integer of j^. Using this equation 
along with the equation of the ellipse results in 
the intercepts x(and xx .
The tangential area is found from the difference 
of two areas A1 and A2.
A1 is the trapesium beneath the curve or the 
but between x. and
A1 - (x, - x^) (y, ♦ yJ/2
A2 is the area under the ellipse between x and 3 
A2 = ab [sin 2© * ©'1^ 2
2 l 2 K
where 0 * sin *^x/aj
Finally the prediction at the extremity of tl 
struction volume is calculated from
B • 3 .7  (2.0-752 .  r l  1 1 * 2 .0 I2 5 2 .
> lpl P2J
where p^, p£ and Pj are ^ e  areas coming 
the tangent, see Fig. All.2.
ellipse,
recon-
in from
REM PROGRAM TO CAI C RATIO A / B  FOR 
REM A HEM I-ELL IPS OI D
3 DIM P (3>
r , HOME
7 P I  = S . 1 4 1 5 9 2 7
9 INPUT " IN P U T  TUE SYSTEM ANCLE "SOT
10 HOME
0  = TAN ( P I  *  ( 0 . 5  -  OT /  I S O ) )
1.7 PRINT : PRINT "GRADIENT = " . 0
70 PRINT : INPUT "MAJOR AND MINOR AXES A ?/
40 PRINT
50 X = A / SOR (1  +  A 2  *  0  ** 2  /  R Ä 2>
/>0 AL » X i » SOR <G ~  2  ♦ 1>
70 PRINT " INTERCEPT I S  AT X = "SX
75 AL *  AL »  1 . A S 4 7 1  »  COS (OT /  ISO *  P I ).70 PR TNT » ACTIVE LENGTH «  "SAL
90 PRI.‘JT : PRINT
ÎOO XT *  A /  SOR (1  ♦ R ,A2 / G ~ 2 / A
SîO VD « O * SOR (I - X T ~ 2 / A Ä 2>
ï 12 VT ■ C * XT ■*■ vn 
;14 PRINT “XT.Vn.YI ".XT.YD.YT
115 ROTO 005
116 XT = I N T  (XT) ¥ l
117 FOR N *  1 TQ 3
;20 K » G * (XT - N) ►YD 
I O O  At  = G ~ 7  + B ' ' ’ 2 / A ^ 7  
140 r.l = 2 * K » O
5 0  ci = X A 2  - R A 2 I
~5 PRINT “ A t . D l . C I  " . A l . n t . C I  
,. ' .0 X7 *  BOR ( R )  '*• 2  -  4 * AÎ *  C D  
; 7 0  X Î *  ( n t  ► X2> /  2  /  A l l T l  a ATM (X t  /  A /
( B l  -  X2> /  2  /  A t l T 2 ATN (X 2  /  A /
ORR (1  -  
roR (1 -ISO X2 
)
105 PRINT - T 1 . T 2  " I T 1 . T 2
1 90  D7 »  < S I N  <2 *  T 2 ) >  /  7  * T7
7 0 0  0 7  *  ( 0 7  -  ( STN ( 2  (  T i l )  /  2  -  T t ) *  A *  B /  2
r ; 0  Y1 = X  -  O *  X1 SY 2 *  K — G »  X2
7 1 5  m  = ( X7  -  X I )  »  (Y 7 ♦ V I )  /  2
7 20  P ( N )  = D1 -  D2
2 0 0  NEXT M
7 40  P ( O )  =  P ( 3 )  -  P ( 2 ) * P ( ? )  = P < 2 )  -  P ( 1 )
7 4 5  PRINT " P ' S  -  » . P ( l ) . P < 2 ) . P ( 0 )
7 5 0  A P =  1 . 1 7 5 *  (1  / P ( l )  /  P ( 7 )  ) 3 1 . 7 5 F  -  O ■ (1
) » 1 / P < 0 ) )
7t.O AP = 0 . 7 5  /  AP
7 7 0  PRINT :  PRINT "ACTIVE PFRIPH = "SAP
700 PRINT
770  ADR = At /  AP
7 0 0  PRINT "R ATI O = "SARD
70 5  PRINT
710  INPUT "DO VO) I WISH TO RERUN Y/ N  “ 5 A*
7 7 0  IF A'ft = " Y "  THEN 10 
7 0 0  STOP
11 *  2  / ft A  ?1
12 A 2 / A  A ?>
/  P ( 1)  + 1  /  P f 2

qj
>i
• Fig A.11.2
APPENDIX 9
ILSRT PROGRAM FOR A (26.6°) QUAD LECT SYSTEM WITH AN 
ERROR VOLUME CORRECTION
s
i
) > >
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